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ABSTRACT 


i 
S( D4) atoms, generated by the gas phase photolysis of 


COS (A>240 nm), react with 1,2-butadiene to yield three un- 
saturated thiiranes and two doubly unsaturated thiols, which 
have notebeen previously characterized! ™ The”thiiranes* 
products of "2,3 ,and- cis and trans 1,2-additions, constitute 

the *bulk*of the=products;: The’ extrapolated" zéroe time ‘thiitrane 
yroras@indicatevthat #25 3-addition-is*sligqhthy*preterred, 


k Omir Grecanc tiateron 1) 2-addrtiony; the werans product 


syne eae 
poshavouned ‘over the cisaby a 'factor “ofr. 4 

The thiols are minor products. One results from direct 
insertion into the methyl C-H bonds, and the other, 1,3- 
butadiene-2-thiol, is postulated to arise indirectly from 
insertion-into the’ C=-H ‘bond of the alkyl-substituted vinylic 
carbon. 

The s(>p) + 1,2-C,He reaction affords only the thiiranes, 
and a higher selectivity is observed, Ko 3/*1 2 ye 2eePhen) -2— 


addition features a surprisingly high trans/cis product ratio 


OL EU.26 3 


Rate parameters for the s(pP) + 1,2-C,H, reaction were 


determined in competition with the s (7p) + 1-C,He reaction. 


The wormer reaction exhibits a relatively high A factor and 


activation energy, with the 2,3 and 1,2-additions having 


similar E,'S: AeccordindgiLy , 


Bie 
(2.9640.80) x 10+ °exp[-(14554225)/RT] Ms 
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The reactionsiof s(tp 


3 oH. (CH.).S 
5" P) with CH,SCH, and CH, (CH,), 
wteid che corresponding disulfides as the only S addition 
products... “Ing the S(0D)) ste CH,SCH, reaction, CHSSCH., and 


small amounts of CoH, are produced in low overall yields, 
less than 30% in terms of the sulfur atoms consumed, and 
Targen quantatiesnom elemental sulfur. are,formedsiwin) contrast, 
the SieDop + CHA CHL). 5 reaction iaffords! Similar amounes (or 
1,2-dithiolane (cHcH YESS) and C,H, in high yields, up to 
UG5 ten.With CH3SCH,, the s(>p) reaction results in a substan- 
to aln decrease inethesCH.SSCH-,and«C.H= yieldsgawhile with 


5 | 2a6 
Cus (CHA) SS, only the C,H, yield is reduced. 

Based on the observed products, and the effects of 
pressure and added gases, it is proposed that for both thio- 
ethers, the sole primary reaction is attack by S atoms on 
the non-bonding p orbitals of the sulfur site to form .an un- 
stable excited thiosulfoxide adduct. This adduct then under- 
goes isomerization yielding the corresponding disulfide, frag- 
mentation leading to hydrocarbon products or deactivation to 
the ground state.Bimolecular reaction between two ground 
state thiosulfoxide molecules leads to regeneration of the 


substrate. Deactivation is the major process for both So 


and Ty dimethylthiosulfoxides, but appears to be important 


only for the T, thietanethiosulfoxide. 


5 
The rate parameters: for the reactions of S{ P) \atons 
with CH,SCH, and GHe(cHn) 5 have been measured in competition 
with the s (7p) + C3He reaction: 
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10 1-1 
KEH, (CH,) 58 (CH,) 9 = (5, 2321-94)" x" 10-— expC 810 22200 /7RT |e Murs 


Both reactions feature large A factors and negative activation 
energies. Consequently, they proceed at extremely high rates, 
having room temperature rate constants approaching the 
collision frequencies. 

It has also been shown that s (3p) atoms are not produced 
in the A>240 nm photolysis of thiirane. Additionally, it has 
been demonstrated that the role of CO, in effecting a decrease 
ieee ecO yierdv in the 1-240 nm photolysis of COS 1s to.act 


as a chaperon for the recombination of s (7p) atoms. 
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CHAPTER 1] 


INTRODUCTION 


Over the past two decades, the chemistry of divalent 
atoms, particularly the Group VI A atoms, has been the 
subject of increasing interest. This trend can be explained 
by several factors: 

Air pollution, especially in industrial regions , has 
become a matter of increasing concern. Oxygen atoms play 
an important role in atmospheric chemistry, and thus their 
reactions, especially those with common pollutants such 
as hydrocarbons and organosulfides, have received considerable 
attention. The great similarity in the chemistry of atomic 
sulfur and oxygen has motivated interest in S atom reactions. 

Prior to the discovery of negative activation energies 
in the reactions of Group VI A atoms with branched alkenes 
on thes19/0) Ss, ala addition reactions were thought to proceed 
with positive activation energies or with no temperature 
dependence in the high pressure region. Due to this finding, 
these reactions have attracted Paaneene interest from the 
kinetic and mechanistic point of view. 

Finally, civalent. atoms are the simplest divalenc 
SPeECice ae lhisc pmnnemcreactuons of these atoms ‘canvalsorbevused 
to elucidate the reaction mechanisms of other divalent chem- 


ical reagents such as carbenes and nitrenes. 


Before discussing the reactions of atomic S and O, let 


ls firs: review the Spectroscopic states of the group VI A atoms. 


A 4 
Sa 
ind iuv i) a0 Pisries AVS en: et 79 }¢- ne 
we 
‘Wa 7 *< A LIMP SRD Aihs Pee Bie 
peril, Wem biet hci 0 "(SmI e 2 hea 
eae ar 
an 
: j | 
a: ¢ =r) Ff a} LAE. Oni Pha oF ns : 
pi. sis iS Dake be i coe 
Ds 
bow he | = bas fh : a uree 
i it 
e207 -f \? oP, DS ee ‘= 
™ ra “i464 > i 
; ; A) 
2. S594 (eV5R) ebb 2s WAG ae i eee tor 
: Lie. 
“ ,a =| ids ie ee EW t (2 ee nie oP Dy 
5 sg AY 
=e d bo » } 7 ao ye Tite = Peo. ae 7 ser Sibi 
mez =ail : S IV Leaner +9 ean aonit “il 


IBISF AG Notaries kw, See A soot fie esas 
B199tno 1 hovOhG2SsSw Sr rtaiaga tell “sah ote CAE 
ettIpteqrer on Atiw so earest sith Ghee swede “tl 

(pe phos? Sin2) SY Gut ‘Meta: Le, aia igap oe we =| 


ral 


May pagl Jestasrin Lenbt a Ske scrap A Sash ono j 
aah a ota ae sj tae i 

jnabay testqines ait Shr! Sic3e:_ Ine thwit. ss 

at Mie poe Sena’ Hed rsined ent 4 


"fos 4felewh nape ia sieht oa 


A. Spectroscopic States of Group VI A Atoms 
ee see ee ee LONG 


Atoms of this group have two unpaired valence electrons. 
Bits allows Lhe possibility of at least two low lying elec- 
tronic states with different multiplicities and energies. 
If the electron spin vectors are antiparallel, the electronic 
S-ace 1s designated a singlet; if the spin vectors are par- 
ele, aenen a Eripbet state results, with three components 


vying chose in energy." The electronic configuration of these 


4 1 ae 
atoms 1s ns“p pschismoaving rrse*to Live’ spectroscopic 


1, and 1, The 


S 
states, which are designated as P51, 0° D 0° 
ub 


energy spacing of these states is shown in Table I-l. 


°p, ue sche Ground istate, and for O. and S atoms, this state 


lies very close in energy to the other triplet components, 


3 
Py and Pi: 


moe Observable by chemical means, and so for convenience 


; ) a a 
the ground state is simply designated as P. Dd, and SQ 


These small energy differences are usually 


are the first and second excited states, respectively. 
Both are metastable, with transitions to the ground state 
being forbidden by rigid selection rules. Consequently, 


they both have long litetimes with respect to radiative decay, 


B. Sources of Sulfur Atoms 


Since the present study is concerned with the reactions 
Gf Sratoms, aGtoas desirable to give a brief review of the 
methods of generation of these species. A good source 


compound must: 
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TABLE ape. 


Energy Levels of the Atoms of the Group VI A Elements?. 


term Energy (kcal/mole) 

O S Se Te 
3 
P. 0 0 0 0 
=) 0.45 Lec A Bed ates 
= 0.65 164 POG 13.6 
aus 45.4 26.4 27.4 2002 
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1) absorb in a convenient region of the spectrum 
2) be readily available in a stable form 
3) producersulfur atoms in clearly défined spectro- 


scopic states 

Moreover, the remaining photofragments should be inert under 
Pace) reaction conditions. 

tThescuvrentily available kinetically and synthetically 
useful sources of S atoms are all based on photochemical 
processes. A summary of these is given in Table I-2, and 
only the most often employed source, the photolysis of car- 
Peony! sulfide (COS)).will be discussed here in™some detail. 

COs vista gas, readily available in high purity. Its 
absorption spectrum has been reported to feature three dis- 
ieLAC t safe ae Guage first long wavelength UV absorption 


band of COS, which shows superimposed vibrational structure , 


extends from ca. 260mm to the vacuum region, (30 nm), and 
es rel eek 
naswa rather. low fabsorpeion”’ coefficient (Ge ce S0.°k mole tomas, 
r =224 nm). / Absorption increases substantially with in- 
max Vee: 


creasing temperature at the long wavelength end of this band. 


The radiative Piftetime of the first} excited state has been 


calculated to be 1.3 x tose tts Mz:O. calculations indicate 


* 
tian whe towest tying electronic ‘state corresponds .to 2 Meee 


gos | 
cransition. 


Sance Dt 4OGes ye =1724.4 cal: nicht & Gea the spin and sym- 


metry-allowed primary photolytic step, 


oe 


Al: 
cos(*E*) + hy ————*  co(*Z") + S(D)) [1] 


becomes energetically feasible at 72.4 + 26.4 = 98.8 kcal 
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Mee uas corresponding to A<290 nm. For SCer the wavelength 


threshold is only % 400 nm’, and it has been suggested that 
s(3p) atoms may also be produced in the spin forbidden pro- 


fier 
cess: 
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POS eae LCOCLS \) susp) ier 


maces possible occurrence of step [2] is based upon the fact 
that about 25% of the S atoms produced in the photolysis 
cannot be scavenged by added paraffins (which are inert to- 
wards Ber) atone, vide infra)" and also on kinetic analysis 
of COS-alkene systems.?? The results concordantly suggest 
that 25-30% of the sulfur atoms are initially produced in 
the 3p Staves 

Tt has been shown that the. quantum yield (®) of the 
Pee wapyecceps il ser (2) vat 229 nm .and’ 253.nm 12s 0.9 utor 
P(COS 100 otro! Orlin solution. .° The slight inefficiency 
is probably due to ‘Nen-radiative transitions to the ground 

i] 


state. 


Secondary reactions which may occur in the photolysis 
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BEE ap eesteos Ye CO(' >) +S) (Xe 20) [5] 
1 ae ae 
S 5 ( A) +M S5(x zg? [6] 
Steet s ethan [7] 
ei a8 


“> be 


Hineslavew ats Ae Ys sort oot PR eee! iy th 


jets’ basestegs feed ead a2 bag vg ed e yire ai, 
“yxq) cahbidierT athe 4:5 ci Sesphede ad, .ca levee 


jnead ats dagu Besse 25° SE] aes To endis24%00 Ole 
‘ 0, j\ Se 
vista bos SM] é ; ag) JY sae \ y 
7 


Sa TONE aA4. Pra 


( 


7 
pisai s36 (Plt) agi=Aeuse fees, ye Jor avert we 


; if ; 7 
PLOY TERE Tisai de pete Sas "ete PRY Pn 
i : 1 


> 


p2eonipve. -LIAASOOPNOS Bl ivwts: aft sme ta ee OF : 
. ~ 

haben we is Io2 5 eu. amo he stds gf Ww _« 1 

1 Jeu! 

ahaa’ ‘ 
* 


2 


eds tm .(0). Disey meshéiie etl! sed! wepda T2384 wat a 7 
) 


; ; Sg a) ine ma @eCcc F; y : 7 
103 2.0 art on. Ee< -bins im es iS bis ‘2 ff) egede t. 


‘ , of 
Yarersal2teahit sAasiea 27? , “AO SU ios Gr et Tomas eat. 


SaVatS ait oo enola Lanes =7i fafoce son ae anh yids 
.%, 


¢layioseng eft ni t#oeo yen Avinw 24h. say Yiahaogag | 


fe) Por PoC 2 iad es Seas e tet Pa. y 


fa} . e+. Tatas. ~ 
rea (gts Calign = ine 4 _¢abie 7 


coe Fae oon + tae 
eo] | tee =!) oe ia’ 


The quantum yield of CO formation for the photolysis is 1.8 
however, indicating that step [7] is unimportant. From exam- 
ination of steps [1] - [5] it is apparent that for each S atom 
generated in the primary steps, two molecules of CO are pro- 
euced. Thus,” 1£ RAO is the rate of CO formation in ne 
absence of substrate, then the rate of S atom formation is 


Rao’? If a substrate is present,/at will compete with Cos 


for the S atoms, 


2) 


SD 3p) +t eOUDStraLe™ =——& Products [8] 


ae 
decreasing the CO yield from abstraction steps [3] and [5]. 
Therefore if Rao is the rate of CO formation in the presence 


of a substrate, then the total rate of S atom abstraction, 


seeps [c.) and [5'],,.1s oiven by, 


hae I 


= fo} 
pee netnion Roo Rao/? 


and the rate of S atom reaction with a substrate is 


LA? Oe nBUE 
easton Roo Roo 


Hence, the total rate ors atom “production 1s, 


+ Eh reac e 
Bapeteaction NT eaetion CO! 


Theretore eutens mpparent thateches CO; producedhcanwsenveras 
a useful internal actinometer for the amount of sulfur atoms 
produced and scavenged in the presence of a reactive sub- 
strate. 
Absolute rate constants have been determined for the 
18 : 
abstraction steps [3] and [5]. Donovan et al., by monitoring 


the growth of the S, (gra, + av.) spectrum, determined the 
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rate COnstanerronrstep ['3)" to’ berk. => 4 seGli0) 6M as. -okThe 


3 
combined (abstraction + deactivation) rate constant k. +k. = 


3 4 
ug ine Mapes es has been obtained by monitoring the decay of 


SGD) atoms directly. Using this value and the ratio of 


k3/k, ~ 2 estimated by Sherwood et ala Kn aan sk. .sanen 4.x ina 


— 8 4 
and, 2.x ie Mussa respectively. A more recent direct measure 


ment of k3 ete ky is reported to be 2 x iia Mepeoa. This value 


was Claimed to be more reliable.7? For sEhenabstractiion, by 


s (3p) , step [5], Klemm and tease obtained, k.. = 2.x POM 


5 
ae and E. = 3.6 kcal mole ?, Thus COS is expected to 


compete with a reactive substrate for S(*Dp) atoms much more 
enLiciently. than,.for s(>p) atoms. 


In the presence of a large excess of inert gas such as 


CO, the stedses atoms will be collisionally deactivated to 


the ground Beaten fae CO., Xe and Ar have been demonstrated 


22523 


to be efficient quenchers of s("D,) atoms. The values of 


s(*D,) Sr ea Ap yee [9] 


Ke are > bx Ge >4 x ieee ebqtel pee isir ess 10° Maoeme LOT CO., 


9 
18,24 


Xe, and Ar, respectively. Since the rate of quenching 


of s("D,) byCO-, as comparable: to the rate .of reactian or 


2 
S("D5) atoms with hydrocarbons or COS, the INTLOCUCEIONSOL 


a large excess of CO. Will result in virtually «complete 


3 235 
deactivation of S("D,) atoms to the ‘ground ( P)ystate. For 


25 
example, a co. /COS Tatio <= 40\affords» 952% ‘deactivation. 
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Thus the Co -Cos system is a clean source of S('P) atoms. 


2 
Alternatively, s (3p) atoms can also be produced directly 


er 7 
by the triplet mercury photosensitization of COS. 
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COS. +iHGk6-P)———_w CO 4. S(-py + Hg(6"S,) [10] 


A recent study of the photolysis of pure COS at low 
pressures (2.5 - 10.5 torr) reported a primary quantum yield 
of 0.7 over the wavelength range 215 - 254 nm. This low value 
may reflect a true drop-off in the quantum yield at Tow 
pressures, or alternatively, under these conditions s (7p) 
atoms may diffuse to the wall and recombine there. 

The second and third absorption bands of COS lie in the 
vacuum UV, with maxima at 167 and 153 nm, respectively. The 
second band is a continuum with superimposed vibrational 
structure and the third one consists of several diffuse 


bands.~° Photolysis of COS in these bands produces cece 


atoms and vibrationally excited Coe re an 20 Only SG) atoms 
gee CSE eo Site as fea] 
ear ted COUN Comet SEES) [12] 


are produced in the third band, and the primary quantum yield 
Of Sto) at 153 nm has been reported to be 0.8 - 0190: 
Piererforespnotolysis Of COS in this band is a clean source 
GF S (sch) atoms. Since transitions from Siece EO s(*D,) and 
s(>p) are forbidden by symmetry and spin rules, respectively, 


the s(*S,) State has a relatively long lifetime (1100 yon: 


C. Reactions of Group VI A Atoms with Hydrocarbons. 


tT) Reactions Of6S and O Atoms. 
(a) with alkanes 


(a Sic. 3p) atoms. 
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Gnilyo:SH Do) atoms are reactive.?* The major reaction 


with alkanes is direct insertive type attack on the aliph- 


deve C-H “bonds to igive isomeric thiols**"8 


S("D5) an Gee part [13] 


In the gas phase the insertion reaction is indiscriminate 
with respect to bond order, but in solution some preference 
for weaker secondary and tertiary C-H bonds has been observ- 


et 617 


At 254 nm the s("D,) atoms May, Contain alp, to. 6 kcal 
mole + excess translational energy, thus rendering them 
kinetically "hot". Even at high alkane pressures (RH/COS > 
5/1) the yield of isomeric thiols reaches a limiting value 

ef Only ./3% of the) sulfur atoms available for reaction. ‘This 
observation indicates the presence of s (7p) atoms in the 
system, which are incapable of imserting.-~ These are likely 
£Ormed in a primary,step (vide supra) although the occurrence 
of the deactivation step [14] cannot be discounted. 

3p) [14] 


2 
if, COntrastitoathemhigqhersalkanes, athe} neaction of s(tp 


) + RE ————>-—RH + S( 


>) 
atoms with methane is characterized by extensive fragmentation 


at pressures less than =2 aemeau This is because the adduct 


has an insufficient number of degrees of freedom to dissipate 
=-1,14,28 
the energy released by the reaction (AHV-83 kcal mole ~).°’ 
The final products of the reaction are CH3SH, HoS, CH,SSCH., 
3 ou 2 


ation process can be envisioned by the following mechanism: 


GHeoCH CS,, CoHee H. ana elemental sulfur. The fraqmenc— 
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s(*D,) + CH, ——e CH,SH [15] 
CH,SH ——® CH, + -SH [l6a] 
cere CH anal G [1l6b] 
Seren CS fu 2s [l6c] 

M 


jee ee CH35H [16d] 


The nature of the transition state for the insertion 
reaction with alkanes has not been fully elucidated. However, 
it has been suggested that the transition state is similar 
to a H~bonded radical pair (C----H----S) in which rotation 
of the HS moiety can lead to insertion’ * 

The rate of inSertion iS similar for all alkanes, and 
the estimated rate constants lie in the range (>0.3 - 1.2) 
10,7171 


x2. 0 - The upper limit of the activation energy is 


believed to be v3 kcal aa as No direct kinetic measurements 


for the Sap) + alkane reactions have been reported. 


(ii) O(°D,, °P) Atoms. 
0("D,) atoms alsouinsert directly into the C-H bondsvor 
2973 0 


alkanes, giving vibrationally excited alcohols + ~ Unlake 


the S("D5) reactions, the hot adduct can only be stabilized 


3d) 
at very high pressures, e.g. >100 atm. for CoHe 
i Lg, 
ODE ae Ry ———_ ROH (27) 
ROH! —_& fragmentation [18a] 
ae ne + 8OH [18b] 
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In addition to insertion, abstraction of H is also Significant 


(20 - hee 2 
o(tp FO CsH- == CeH: +-OH AH==48 79 ‘kéal sha 9 
2 2He¢ 2H, = ; cal mole 9] 
ii -l 
Si D.) + CoH, “~r +CoHe. +-SH AH=-11.6 kcal mole [20] 
The absence of this process in the S("D,) - alkane systems can 


be explained by the small exothermicity of reaction [20]. 
Recently, nari suggested that insertion results from 
a perpendicular approach of the o(*D,) atom to the C-H bond, 
and that abstraction results from a collinear approach. 
In general, the products of the OCR + alkane reactions 


include alcohols, carbonyls, water, CO, CHy, higher alkanes 
34 

ie 

have been postulated to arise from a third pathway, but the 


detailed mechanism of its formation is still controversial7? "27/36 


and H The small amounts of Ho produced in the reaction 


A few combined rates of insertion + abstraction fon 


some alkanes have recently been compiled by Schofield and 


are in the range (1 - 4) x Nite Mec ehe on going from CH, cO 


33 
suis o 


: 2 
to be nearly temperature independent? 


n=-C The o(*p) + alkane reactions have been proposed 


In sharp contrast to s (?P) atoms, which do not react 


37-39 
with alkanes, 0 (?P) atoms react by H abstraction. 


R-+°OH [22a] 


O(°P) + R-H 
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Recently, Paraskevopoulos and Cvecanotne studied 


Epeureaction of 0 (7p) with iso-C,H, using NO, as the source 
one 0 (3p) asuwelliasva strap for the radicals formed in the 


reaction. Based on product analysis the following overall 


mechanism was proposed: 


O(°P) + (CH3),CH = ‘OH + (CH,),C- , (CH,),CHCH, [22] 
OH (CH3) CH se HO +: (CH,) ,C° ’ (CH) ,CHCH., [2:3)] 
(CH) .C: + NO, - (CH) 3CNO., [24] 
> (CH,) ,CO> + NO -25)] 
(CH,) ,CO- eNO == (CH, ) ,CONO [26] 
fl Oe CHE) CONC, mn 
The observation of (CH) ,CNO., (CH) ,CONO and (CH,) ,CONO, 


formedmin steps ¢1.24)A.[26), and [27 ]\, nespectively pisupports 
; 3) 
Hoabstract Lonas..the srimary, step in OP). =,alkane systems. 


Kinetic data imdiecate that .this, reaction ss. quite slow 


& ee ind ul 


OG a0 
(k = LOD ah) we Mots) «A LOlmgomncg ‘from CH, to (CH) a CHen(CH),) «¢ 


aa 


This can be attributed, to the presence of an appreciable 
activation energy>® which»depends iongtheynatunes ofthe C-H 


bend 576704" 5and v3.30 kcal Role for i. 2 Fang’ Can 


bonds, respectively)” It has been suggested that the reaction 


| ; 
occurs when the approach of the O(~P) atom is collinear to 


the C-H bore. 


(b) with alkenes. 


(a) S(e0e) and o("D,) Atoms. 
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Two processes are operative in the S("D,) - alkene 
systems.One is stereospecific cycloaddition to the double 


bond to form a hot thiirane, 
of 


S(7D5). + H5C=CH, —» (A\) [28] 


which for the case of Cae has an energy content of 85 


kcal molei i. The hot adduct can be collisionally stabilized 


(As) = VES [29a] 


(step i[29a]), or can isomerize to vinylthiol (step [29b]) 29741 


7oH 


Soe [29b] 


—_> H5C=C 


With higher alkenes (3C,), isomerization does not occur, due 
to the presence of more internal degrees of freedom to 
dissipate the excess energy of the hot adduct? 

The other reaction is direct insertion into the C-H 
bonds, by analogy with the s("D,) - alkane systems,to form 
isomeric thiols. The rate of insertion into the aliphatic 
C-5 bonds is nearly statisticall* Vinylthiols arise only if 
a terminal methylene group is present in the alkene?” To date, 


14,42 
no alkyl substituted vinylthiols have been observed. as 


1 
Sparse kinetic data are available for the S( D.) - 
41 


alkene systems. Earlier work estimated the total reaction 
: 10 
rate constants for CoH,, C3H, and i-C,H, tol be 42x One 
“6 xX noo and. WS ox BOE We ep respectively. A more recent 


a 
estimate Bee places the rate constant for the S( D.) a“ CoH, 


reaction at Crx Woes ae with insertion and addition 
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Procecding at nearly equal rates (4.2 x Tone and 3.8 x iki 


Miss 


pevespectively). In;rgeneral, the rate of, reaction 
gnereases slightly with alkyl substitution, and insertion 


has a slightly higher activation energy than addition. (e.g. 


a -1 : 14 
Ea (vinylthiol) Ea (thiirane) Sf ete le woe Behe Cae 


Little work has been done on the reactions of 0(°D5) 


a 


atoms with alkenes. Unlike the case of S(°D.) + alkene 


2 


reactions, these studies are complicated by the high exo- 


Ehermicity*’of the reaction’ (e.g.,AH =) -130 keal mole * for 


Cou Se which leads to extensive fragmentation. Kajamoto 


et alee studied the reaction of OD.) with C,H, at high 


Peesceresu( Cac, 20,150 atm. He) ,and confirmed that two main 
process were operative. Analogous to the ego) - alkene 
system, one is addition to the double bond forming a hot 


epoxide (reaction [30a]), 


Hy rg addition — [30] 
Cex ccs TS AES 0 
HY CH 
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vinyl C-H insertion 
+ (b) (terminal b : 
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and the other is insertion into vinylic and aliphatic C-H 
bonds yielding carbonyls and alcohols, respectively (reactions 
[30b-d]). A minor pathway ( ca. 2% ) involves the elimination 
of H. (step [30e]). These results are consistent with an 


earlier study of the reaction of o(*p atoms with C.H, in 


2) 24 
liquid Ar where a similar distribution of the corresponding 
products was observed. 7? The addition process (step [30a]) 
Bas been shown to be stereospecific. Recent ab initio cal- 
culations for the 0(*D,) = CoH, system indicate that the 
lowest energy reaction path corresponds to a symmetric 


concerted addition, ~ which is consistent with the observed 


stereospecificity. 


There are few kinetic data available for these systems. 
However, a recent competitive rate study’ involving several 
alkenes indicated that rate constants are extremely high 
ena lien anvenearange.,ofLe (1°—):6)' x 1One eect: on going 
from CoH, to (CH,) ,C=C(CH,) 5 . These observations are consistent 


with earlier Ceri matence and follow the same trend as observ- 


ed in the s("D,) - alkene systems (vide infra). 


(anc pieand ol 8) Atoms. 
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The only reaction observed in the S("P)-alkene systems is 


the cycloaddition to the double bond yielding the correspond- 


41 
ing thiirane as the sole product: 
A JES 
s(>p) + R,C=CR, —> role i) —> R5—Ro esa bl 
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A unique feature of this reaction is its compulsion to follow 


a stereospecific path,as illustrated by the reaction of s (7p) 


with cis and trans 2-butene, 27/48 149 


S 
s (3p) + \ / — Aa - VAG ee) 
103% 


90% 


np eee Vea 
98% 2% 
The s (7p) + alkene reaction provided the first example of a 
SLereOospecitic cycloaddition involving .a divalent: triplet 


state reagent. + Subsequent EHMO calculations indicated that 


Bhe -triplet (T thiirane formed in reaction [31] lies 40 


1) 
kcal mole + above the ground (So) state and possesses a 


ring distorted geometry with a rotational energy barrier of 


ae ee This high energy barrier can explain 


the observed high stereospecificity of the s (7p) + alkene 


“23 kcal mole 


reactions. 


(T thiirane has a very long lifetime and has been 


1) 
shown to be an efficient reagent for inducing cis - trans 
: 3 

isomerization in alkenes. This observation may account 


for some of the isomerized products observed in reactions 


(32) and @[ 3302 


Rate constants and Arrhenius parameters have been 
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determined for a series of Bienes! A few of them are 
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wisted in Table 1-3 to illustrate the general trend of these 
reactions. From this Table, it is apparent that the rate | 
constants increase with alkyl substitution on the vinylic 
carbon of the alkene but decrease with halogen substitution. 
Hae A factors downot..seem to show particularly strong trends, 
and consequently the variations in the rate constants are 
mainly due to changes in the activation energy. Increasing 
alkyl substitution on the vinylic carbon has a diminishing 
errect on Eo while substitution of electron-withdrawing 
groups such as fluorine has an increasing effect. This 
behaviour illustrates the electrophilic character of s(?p), 
which is further substantiated by the linear relationship 
between E, and ionization potential of the alkene, as 
illustrated in Figure reper? Of particular interest are 
the predicted negative activation energies for reactions 
with alkenes having low (<9.3 eV) ionization potentials. 

In order to account for this phenomenon, it has been 
proposed that E. is dependent upon the location of the 


crossing point of the reactant surface and the product 
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FIGURE I-1: Ionization potential versus ES for the addition 


of 5(3p) atoms to alkenes”>, 
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The crossing point may lie above or below the energy of the 
separate reactants. The former case corresponds to a positive 
temperature dependence, while the latter corresponds to a 


negative temperature dependence. 


The model proposed by Cvetanovic and co-workers>> to 


eccount for simiter observations in the 0 (3p) case assumes 


the formation of a loose tm complex: 


3 i + oa 
O(~P) + Alkene =~ Complex * ——— > Product [34] 
ps, 


This complex can either decompose back to the reactants or 


SvOLVe tO products. E. is negative when E. > (E ema hs 
=] 


The two models are not in conflict, and their applicat- 
ion in the interpretation of other systems having a negative 
temperature dependence will be discussed in detail (vide 


eisgiian ars 


For the 0 (7p) + alkene reactions, the basic kinetic 
features are very similar to those for s (7p) atoms. The 
reactions proceed at comparable rates, as 1s apparent from 
examination of the rate parameters listed in Table I-3. 

The activation energies also decrease with increasing alkyl 
substitution and eventually become negative, which illustrates 


3 
the electrophilic nature of O('P). 
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As for the nature of the reaction, 0 (7p) also adds to 


the double bond: 


O 
ol Pyar eee PE id Ne? Key 


However, the triplet biradical primary adduct contains a 
great deal of excess energy,and in addition to ring closure 


to form epoxide (step ieee). CRoeor 


0 O 
Sa WY Sawer wax [36a] 
26% 25% 


can undergo either intramolecular hydrogen or alkyl migration 


Cony veld carbonyls (step [36b]), or fragmentation (step [S6c])- 


| tang + Dowty [36b] 


26% 23% 
Poo) corr 
— =< Sas CO + Low M.wW. [36c] 
Hydrocarbons | 
ine Contrast -boO BiB) 0(7P) addition to the double 


bond is non-stereospecific, as illustrated by the product 
dastribution of step [36a]. This observation has been cited 
as evidence for the existence of a freely “rotating triplet 
baradical iiooneenie ee Indeed, a recent theoretical 
conformational study has shown that the ring-opened triplet 


isomers of methyloxirane are lower in energy than the ring- 


closed structure. The rotational barriers about the CHR-CO 


bediy, a5od abd scoaghvaseia ecu Wiser) 4335 34 


s . 2 7 a 

of aebbe oats (nit nbioas 382 We ptarnen on a 
— > 

he + 


oP ma 


| a) a \ , 7 oe: 
' _ 
aA ee eeete r\1oeo eas Lu ee 
Se 7 BGs Vie tata ees Les 
lost in 
Wen. tpt)’ 
. oie asin ys 
— pe 
i Wl a 
<b" I vii RIS aie sae Tagdre ¢ 
“— 4 e a 
ere ees) oe eae ae ea " (ae h go ae) 
“= oe Oe, ai , i oe 
ee 
(sar Vue BOT. + 0 =. weer, 
PASI 26310 +)! 
éfgiah srs of nole lags hat We. ee ha, sane 
SNevG IS Siis vu Nee ge .Or. t 5a Rah ks bal rot” Br 


a 
ae 


setae) (rtbtasos haya? ao oats i xe ‘ty 262 
fee zhyariets. nied “ qbewens oe’ Ee ietthamen sqar 
galgzad nny eae sit? det ‘Aware aaiit Soba nokim 
wgnbt at) neds eusayi ab nel: artes rere rer Ten ne : 
ODN ele semi etedaeid Eptegseyen at -wearau 94 ‘Samet, 


a 


ny 
Se 
ii 


Paar 


bond of these isomers were found to lie in the range 0.8 - 
ieee KCAL mole= indicating freely rotating species. 


MoO. calculations on the possible intermediates of the 


0 (7p) CH3CH=CH, reaction reveal that four isomeric triplet 
states are energetically Becessibie 
caer 0 
CH.-CH-CH, ; CH,-C-CH, ’ 
Lee 9 
CH3-CH-CH., and CH,-CH.CH 


These biradicals may evolve into the observed products, 
methyloxirane, propionaldehyde and acetone. The product 
distribution of this reaction is temperature dependent, and 
this was explained in terms of the differences in the thermo- 
dynamic stabilities of the adducts involved. 

The fragmentation process, which is absent in the Spy 
alkene systems,is attributed to the higher exothermicity of 
the o(3P) addition (25-30 kcal mole! higher for 0(°P)).The 
presence of carbonyl products in these systems can be explained 


by the greater difference in bond strengths between the C=O 


and C-O bonds as compared to the difference between the 
14 


corresponding S bonds . The distribution of carbonyl products, 
for example: 
3 —_—_> 2 tha 
Ole) eh CAH, EN a REPU ie INSEL ian 
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(c) with alkynes 


L 


(i) S (300) and O( D,) Atoms. 


Only a limited number of S("D.) + alkyne reactions have 
been studied. In general the reactions are characterized by 
low product recoveries and extensive polymerization at room 
temperature. The end products are usually thiophene, benzene, 
14,63,64 


polymer and, in some cases, CS.. 


stray) 2 R==-ki l \+ CI aF CS, + Polymer [38] 
S 


yields are low for the parent acetylene, but increase 


Volatile produce 


bey) Aer} 
with reaction temperature and fluoromethyl substitution ~. 
1 
It is generally accepted that the reaction of S( Dy) 
with alkynes is addition to the triple bond, forming an un- 


ss 63-66 
stable adduct, presumably the thiirene s 


S a 
S10) eR oe pan zea 
R R 
(a) 


There sis ‘a posSibility “that ‘a: minor pathway, insertion into 
thetalkyny!l .C=H bondsstocformrthe ethynylthiol;> existss How- 

ae 63 
evermthws leannot abe vermriededuestocinstabi lity .of thegproduct. 


Several other isomers of C5R5S have also been considered as 


the intermediate: 


: : : HS 
-_> ie \ / ‘C=C: -~CEC-SH Nowe 
AL. 5 ’ $s ’ / ’ ’ ys C=S 


(b) Vea (coh ewyme (Co) a (f) : (g) 
However, the transient existence of thiirene is supported by 


64-66 
the following experimental observations . Flash photolysis 
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studies of COS-alkyne systems employing kinetic mass spectro- 
metry revealed the presence of transient species correspond- 


ing to the molecular weight of the pdaucts = The lifetimes of 


these transients were unusually long ( >0.1 - 7 s), which 

militates against excited or radical species (b) - (e) as 
14 : 

the intermediate Cre Moreover, thiophenes are among the 


end products, and are postulated to be formed via addition of 


the adduct to a substrate miaeculetree for example in the 
Case of °S.+ FCC =CCF., 
R CF, 
aS a hoo 
C,R.S ; ee 
S 
CF, 


Ben Gyithiol (£) cannot be formed in the case of disubstituted 


alkynes, yet the thiophene yields are highest for the S + 


B3CC=CCF 4 Peeeiony Hence its intermediacy can be 


discounted. This leaves only the thioketene (g) and thiirene 
(a) aS reasonable alternatives. For this ketene (g) to be 


implicated in the thiophene forming reaction, two intramolecular 


Hy CHs+On Cr. Shilts, would be required. These processes 


5) B 
Should be least likely for the case of F3CC=CCF., which is 
inconsistent with the observed high thiophene yield. On the 


basis of these considerations, it has been concluded that 


the primary adduct of the a(505) + alkyne reaction is the 
s oe 65", 66 
corresponding thiirene : 


Direct evidence for the existence of thiirenes has been 


obtained from the Ar-matrix photolysis of 1,2,3-thiadiazole, 
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which affords thiirene, thioketene and ethynylthiol.°/7°® 


R 
N S 
, / \ ie emer = + Rearrangement [41] 
R yes. -N, 7) 


Ss Products. 
The thermodynamic and kinetic properties of the products 


are consistent with the theoretically predicted stabilities 


of the CRS isomers. °7 


Recently, Veckoeay has studied the F.CC=CH = COS and 


Be COS systems. Small amounts of S=C=CH-CF 3 and 


CS,,along with CF.-substituted benzene and CF,-substituted 


FCC =CCF 


thiophenes,were observed in the former system. For the 
latter, at low conversion, only perfluorotetramethylthiophene 
( lolitas ) was obtained. At high conversion, however, 
See Products arising from S atom addition to the double 
bonds of thiophene were observed,along with dimers and trimers 


Oe ethen initia. adduct, Cc FES; some aspects of this will be 


4 
G@iscussed later (vide inira). 

Only limited kinetic data are available for S + alkyne 
Feactions;: Late constants for HC=CH . and F CC=CCF, arerest= 
imated to be in the range (3-9) x 110 9 re, ean 

To date, only two experimental investigations on 0(7D,) 

+ alkyne reactions have been peparead ye o. Ogi and Strausz 
investigated the 2-butyne reaction and found a number of non- 
condensable products,but were unable to characterize the oxygen 
Gontaininaqspueducts. {A recent study /* of Ene 0("D,) + HCSCH 


system showed that vibrationally excited CO is produced in the 


reaction, and it was postulated that most of the CO comes from 
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the process: 


ii e 4 ~1 a 
O ( Do) + HC=CH ——— C.H.0 ——>:CH, (a A,) raeCO [42] 


NHO= = (8 erica ema ae 


Recent ab initio calculations suggest that the most 


Zi 


probable primary process is spin and symmetry allowed addition 


fo, ene triple bond to form an unstable oxirene./?"/4 


0 
0("D,) eet ee ee ae DEC aE ispr [43] 


Unlike thiirene, oxirene has never been observed. However 
there is compelling evidence for its transient existence as 


an intermediate in some photochemical Wolff rearrangements, 


for example those of a-diazoketones and esters. /? 


fos), and, Cle ie ALoms: 


For s(?p) + alkyne reactions, the nature and yields of 
| 63,64 
the products are similar to those for the case of ae >) 


However, the primary adduct is the vibrationally excited 


3716 9n7 6 
ground state triplet thioketocarbene??’® : 


si 
an SD) 
s(>p) + R-=-R - iy é) ——* 7 Progqucts [44] 


Rate constants have been measured for a few alkynes, 
end lve 52n the range Ge - Toa Moe Ug tee The activation 
energies are slightly higher than those for the corresponding 
alkene reactions (-1l to +3 kcal oleae but follow the same 
general onal? As in the case of alkenes, fluorination of 
the substrate drastically reduces the rate of addition: the 
8 a cate 53 
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It has been postulated that analogous to the Ker 
3 
alkyne systems,O("P) adds to the triple bond giving the 


triplet ketocarbene intermediate, 


o(7P)} + RC=CCH, ——> hee 


3 a i [45] 


(T 4) 
In addition to this process, H abstraction has been suggested 
Perea minor Pathway ( <o5). in the case of acetylencr:. 

A distinct difference between the s (7p) and 0(7P) atom 
reactions with alkynes is the occurrence of significant amounts 
of fragmentation products in the latter system, resulting from 
decomposition of the primary adduct. In general, the end 


products are polymer, CO, alkenes and unsaturated ketonesi as Ge 


2) Reactions of Se Atoms. 

Although limited in scope, the data available on the 
reactions of Se atoms complement the general trends already 
established for S and O atoms. Thus Se ("D.) inserts into the 
C-H bonds of alkanes indiscriminately, yielding seleno- 
hercapeans | 6a With alkenes, the only reaction observed 
fOr DOEn se(tp ) and Se (7p) is addition to the double bond, 


2 
: : 82 
which leads to the formation of unstable episelenides: 


2 Selina arrears WON [46] 


-l -l 
The rate of Se( 35) addition varies from 10° Minis fOr CoH, 


to elie Maree fOr i-C,Hy”. The trend in E (20) (=r) 
kcal note ye with alkyl substitution parallels that observed 


in the s (7p) and 0 (7p) systems (vide supra). 
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3) Reactions of Te Atoms. 


Only Te( P) + alkene reactions have been examined. The 
adducts are unstable epitellurides” 


Te 


Te (>P) BP RoC=CR, aos eek f \ [47 ] 


Ro Ro 
Arrhenius parameters have been determined for CoHye CH, and 
(CH3) »C=C (CH) 5 and the rate constants are in the order of 


10/7 9 mtg t 54 


- 10 ye enhe: trend in E. is consistent with other 
Group Vi A-atoms. in fact, the EA Observed for the reaction 
of Te (Pp) with (CH) .C=C (CH) 5 was the first negative E. 


reported for an addition reaction. 


D. Reactions of S and O Atoms with Polyunsaturated Hydrocarbons 


Paws th, aromatics 


iS SDs, oe One. 


Until necentily, the vondy S + aromatic reaction invest 
igated was the benzene system, and no retrievable products 
were Shasta However, direct evidence for the occurrence 
of a reaction between S atoms and an aromatic ring was ob- 
tained from a study of ares Sia 3p) - F,CC=CCF, Scere e 
One of the products Observed at high conversion, (1), was 


Postulated to avise from the addition of two S atoms to 


perfluorotetramethylthiophene (PFTMT), steps [48] and [49]: 
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S S [49] 


The hypothetical CaF 2S> Species (h) was not detected,but it 
was also assumed to be the precursor of the observed species 


(qymrand (k)« 


S 
Capen ji ¥ Ba eG ae (3) [50] 
© S 
S ANG 
C,F,S + y \ tik arg ee. [51] 
6 : 2 
(b) eee 35) Atoms. 


To date no 0(°D,) + aromatic reactions have been report- 
ed. However, 0 (7p) - aromatic systems have received consider- 
able attention, particularly in the last decade. In an early 
Study Of -theyreactions of 0 (7p) atoms with benzene and 
toluene, Cvetanovic and co-workers found that these reactions 
were characterized by extensive polymerization eqs” 


Volatile products consisted mainly of phenols, with small 


amounts of CO and H.O. Based on the absence of aromatic 


2 
ring H abstraction products, a mechanism similar to that 
for 0(?p) - alkene systems was postulated: 


H OH ; 
[a2] 
OQ +0 — XX, = OF +P rOre 
: HO 
el 
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ahe4O atom adds so, the aromatic) -ring,.to,form alitvijplet bi- 
radical which either rearranges to a phenol or undergoes ring 
rupture yielding unstable products which decompose or poly- 


merize. Subsequent sfudies®’:® 


of these systems were in 
agreement. A more recent eid con deuterated aromatics 
showed no evidence of a primary kinetic isotope effect at 
temperatures below 600 K, which lends support to the addition 
mechanism. 

Absolute rate parameters have been measured by several 
techniques and are in reasonable agreement. = = The trends 
Observed for both the rate constants and the activation ener- 
gies parallel those already established for 0 (7p) and s (7p) - 


alkene systems. Rate constants vary from reve Maen £OrG 


benzene to 107 Meee for 1,3,5 - trimethylbenzene,while the 
activation energies drop from %v 4 kcal noes to v1 kcal mole ~ 
along the same series. 

Rate parameters for the 0(7P) reaction with a hetero- 
atomic aromatic, thiophene, have been determined only 
recently using a discharge flow-resonance fluorescence tech- 


alien ey The rate constant over the temperature range 262 - 


448 K was well represented by the Arrhenius expression, 


-1 -l 
KOSE2s & io exp= (-1100/7RT)*M>"s” ~ 


However, below 262 K, a large negative E. of -2.6 kcal mole 
was observed. The discontinuity in the Arrhenius plot was 


: oe: 3 
explained in terms of two reaction pathways: addition ofyOG@ Pe) 
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to the S atom, step [53] ,and addition to the double 


+ 
O(°P) + CJ — CD —> products , ass 
é 
@) 
np 
— [-9 — > products. [54] 
bonds of the aromatic ring (step [54]). Benzene and 


thiophene have comparable resonance energies and because the 
room temperature rate constant for the 0 + thiophene reaction 
was two orders of magnitude greater than for reaction with 
benzene, but Similar in magnitude to those of other organo- 
Puedes (Vide intra), it was Suggested that above 262_K 
the predominant reaction involves the S atom. Based on the 
known negative E. (-0.4 kcal Role) of the O u reaction, 
it was tentatively proposed that the low temperature reaction 
pathway is addition to the double bond, step [54]. 
2) with dienes 

(a) S(D,, *P) Atoms. 

The reactions of S atoms with dienes have not been studi 
as extensively as those with alkenes. To date, only the re- 
actions with 1 ,3-C,H, and allene (C3H,) have been investigate 
The photolysis Of COS in the presence of 1,3-C,He led to the 


formation of only one S addition product, vinylthiirane, 


along with some thiophene, trace amounts of H, and an 
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unidentified product of molecular weight 88. The 


vinylthiirane yield was found to increase with decreasing 


substrate pressure, and in the presence of CO These 


2° 


observations were explained in terms of a hot vinylthiirane, 


S i 
fae Ny eho ae TiaX [56a] 


Gi 
Je (cH,=cuicH-ci,s:) — OS eS [56b] 
CH 
4 
TE aii, Ser Nantane [56c] 


which can be collisionally stabilized, or undergo ring rupture 
Eomrorm a biradicalestnisibiradical can either react with the 
substrate,yielding polymer or rearrange to form thiophene 


via H, elimination. Some of the thiophene can also arise from 


secondary photolysis of vinylthiirane. Unlike the S + aikene 
systems, no insertion products were observed. 


Relative rate parameters for s(°p) addition to 1,3-C, He 


have been measured,” and based on the data for ele 


i OS F cose aL. i col a 
(298) ~ 202g tO Mester) cand E. —sOmorkecal mole. -7 these 
3 


values are comparable to those of the S( P)-alkene systems. 
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Le a 
Gee. 


ed. As in the case of 1,3-C,He, 


of the double bonds was ppeerved. > The product, methylene= 


The S P) + allene reaction has been briefly examin- 


only cycloaddition, to one 


thiirane,was obtained in nearly quantitative yields at low 


conversions and therefore insertion seems unlikely. 
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3 £ wow a 
SD yr, C-CCH ee he [57] 


No kinetic measurements were reported. However, based on the 
knowrrate parameters for the 0 (3p) + CH.=C=CH, reaclion,,.act 
was suggested that the room temperature rate constant should 


be (2-4) x 10° mo t.7t with an E. ~0-1 kcal nolema 


(b) er, } 35) Atoms: 


Only o(7p) + diene reactions have been investigated. 


98 & 


Cvetanovic and Doyle studied the reaction of O(~P) atoms 


with 1,3-C,H, and observed the major products to be 3,4-epoxy- 
1l-butene, 3-butanal and CO. Small amounts of fragmentation 
products and polymer were also observed. Based on these 
observations it was suggested that, similar to the case of 
alkenes, the sole primary process is 1,2-addition of o(7P) 


to one of the double bonds,producing a biradical intermediate. 


o(7p) + H,C=CHCH=CH., ——» P24 3 conta? [58] 


2 2 


HC-CHCH=CH —____» gE [59a] 
fe * 2 — 


Sa ee ie [L59b] 


2 


This intermediate can then undergo either ring closure to 
form the corresponding epoxide, or i,2-H shift to form the 
aldehyde. CO was thought to be a_ fragmentation product of 

oo 
the aldehyde. A later product analysis study reported 
small amounts of 3-butene-2-one and vinylether in addition to 


the aldehyde and epoxide. This observation led to the proposal 
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that an additional isomeric hbiradical intermediate, 


nC 


3 HCH=CH., was also formed in the primary step. 


°O-Q 


It is apparent that both s (3p) and 0 (7p) atoms react 


with 1,3-C,H, by electrophilic addition to one of the double 


bonds. As in the alkene systems, thiocarbonyls are absent 


in the s(>p) + 1,3-C,H, reaction (wide supra). Furthermore, 


H, elimination to form furan, the oxygen analogue of 
thiophene, does not occur in the 0 (3p) case. 


Absolute rate parameters for the oles) el pi CE 
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reaction have been determined in two separate laboratoriest99: 


nee The results are in excellent agreement,with k 


(29:8) 
it x dior Mieiores and E, ~ 0. These results are also comparable 


to those measured for the s (3p) reaction. 


The only other conjugated diene which has been studied 


1s °C-C..H ele The reaction is characterized by extensive 


fragmentation and the absence of O - containing products. 


To date only two product analyses on the 0 (3p) + allene 


103,104 


reactions have been reported. At high pressures 


(2600 LOrr), Ina. static eaten, | the products observed 
for a series of allenes were, in general, CO, alkenes and 
a,®-unsaturated carbonyl compounds. The mechanism proposed to 


explain the formation of these products for the specific 


case of allene is as shown: 
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O 
x | 
H,C=C=CH, + OCP) + H,C=CCH, 


J? ae PONE 


’ . BR +  H,C=CHCHO 
C aula iS 
ymN H,C=C—CH, 4 
HC. CH; oe 
[60] 
Sees 0 
See L 
[ rN 
C d H,C—CH, 
/N\ 
H,C— CH, cO + CH, 
w 
ine? Carbony.> product) distributions Andicated! that sithe 0 (°P) 


atom coOuldvattack atvany of ‘the vinylic: carbons iaturates 
determined by the substituents. It was proposed that CO and 
alkene are formed by decarboxylation of an excited cyclo- 
propanone (step [60d.]) ,while carbonyls are produced by re- 
arrangement, either of the excited cyclopropanone ([60d] + 
[60e]) , or of the initially formed biradicals, [60h]. For every 
allene studied, the CO yield accounted for more than 50% of 

the 0 (°P) atoms produced,indicating that decarboxylation is 

the major step. Evidence for the transient existence of cyclo- 
propanone was obtained by chemical trapping with methanol to 
form a hemiketal. Ina later Buetow iors the parent allene in 

a low pressure -tlow system, Lin fand co-workers failediito ob-— 
serve any, carbonyls. Instead, significant quantities of 


acetylene and methyl acetylene were found. The inconsistency 
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in the products observed in the two studies may be attributed 
to the different reaction conditions employed. However Lin 
et al.'s results also support the intermediacy of an excited 
cyclopropanone; thus the observed CO vibrational distribution 
was consistent with that predicted for the decomposition of 
the excited cyclopropanone. 

Absolute rate parameters are available only for the 
parent Smiene Cue eee Values from different co-workers 
are in reasonable agreement, with average values K (298) V6 xX 
‘ona vote and E. mils Kea l moleuss Relative rate constant 
measurements for a series of allenes indicate that the rate 
of 0 (>P) addition increases with alkyl evedoae’ . This 


behaviour parallels that of 0 (>P) and s (7p) + alkene reactions 


(vide supra). 


E. Reactions of S and O Atoms with Carbonylsulfide and 
Thioethers. 


©) Reaction with Cos. 


(a), Seas 4 


The reactions of BEDS 3p) with COS have already been 


PB) eAtoms < 


discussed in considerable detail (vide supra). To summarize 
briefly, both SGI) and s (7p) abstract S from, cOs. = ine 
s("D,) CO Sie ee he CO) tO 4 [3] 
s (7p) + COS COU o> Ee 


room temperature rate constants and activation energies are: 
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Very little data are available for the 0("D,) Taos 


reaction. However, two processes have been shown to occur 


under low temperature (15 - 60 K) matrix conditions?°® 
O(D5) + COS — > CO + SO [61] 
al 
O ( D>) T COS Mere COs tS [62] 


In these experiments, reaction [62] was the dominant step. 
The estimated gas phase room temperature total rate constant 
Us, very, large n Kooi 9. x on ie Se and is comparable 
to that for the s(tp) ta COsSe reaction, 

Several studies have been reported on the reaction of 
0 (7p) with Serene The only process operative at temp- 


eratures below 800 K is thought to be abstraction of S from 


GOS, 
0 (°P) + COS «-——— > CO + SO [63] 


and at higher temperatures, elimination of atomic S may 


become beg san 


0(7P) COs w= coe S [64] 


Rate parameters have been determined by several tech- 
niques. The average room temperature rate constant is 
6 1-1 32S EO 10 


wetese tO Mee cuercaiiilar to that. observed Tor ep) 


However the E. is somewhat larger, 5 kcal mole §. 
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Poepeactionsiwith Cyclic Thioethers (Sulfides) 


(a) Sua 35) Atoms. 


Thiteanes avesthe only cyclic sSulfiudes which nave. been 
studied. Investigations have been limited to s (7p) atoms 
and the sole reaction is thought to be desulfurization via 
a single step, concerted process; for CoH, 3% the reaction 
Bee EL 


products are CoH, and So: 


S 
s(>p) + a Le [65] 


The absolute rate constant for the s (3p) + thiirane 


reaction has been determined by flash photolysis techniques 


and is temperature independent??? with a value of Kee 2 


10,-1-1 4,53,112 The rate constants for a series of 


10 
thiiranes have been measured, and were found to increase 
with alkyl substitution.>> This behaviour is analogous to 


Bnatvol the s (7p) - alkene systems (vide supra). 
P) Atoms. 


No studies on o(tp J+ cyclic sulfide reactions’ have been 


2 
& 
reported. To date, only a few reactions of O('P) atoms with 
13-115 
cyclic sulfides have heen studiea.* : A study of the 
reaction with thisarane ina fast flow mass spectrometric 


system indicated that ethylene and SO were the major 


products++? ([66]) These products, analogous to those ci@iie 
O He 
s 5 


aw b 
o (3p) ie / ‘ == / \ ae tly + SO [66] 
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s(°P) + thiirane reactions, were postulated to arise from 
0 (7p) attack On -the S site of thiirane to form an excited 
sulfoxide intermediate ([66a]), which then decomposes to 
CoH, and SO. The SO was observed as SOo, produced by the 
reaction: 


iso 23%) SO. [67] 


It iS apparent that reaction [66] is analogous to S ab- 
straction from thiirane by aia 

The rate constant of 0 (7p) addition to thiirane was 
determined to be kp, V8 x Lo-aMerss anda, ,asein ther case sor 
s(7P), showed no temperature dependence. 

In a very recent study on the 0 (7p) te CH, (CH,).S 
(thietane) reaction,Singleton reported that the products are 


114 


CoH, and c-C.H, in a total yield of 190% - it was suggested 


Be 
that the primary step was addition of the 0 (7p) atom to the 
Sesite, followed™by"Cc-S" bond scission to forma ring opened 


tviplat = bicaciieal.+e8the reaction channels can be described as: 


e@ e = 3 
o(°p) + Cs ———_> pea ca [68] 
*S=0 ,? 
(i S Py ; CoH, + CH,SO [69a] 
eee okee 7 + sol7d) [69b] 


—+ C¢s= [69c] 
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The sulfoxide which may have been formed in step [69c] was 
not observed, even at pressures up to 800 torr. A trace 
amount of C3H, was also found, but it was thought to arise 
mostly from secondary reactions. 


Relative rate measurements with l-butene gave a room 


1l,-t mill 


eempecrature rote ~ronstant of 1 x 310 Ss, much faster 


than the corresponding reaction with thiirane. 
The reaction of 0 (3p) atoms with tetrafluoro-1,3- 
dithietane (CF,SCF.5) has also been ce ee a The products 


observed were consistent with a primary reaction mechanism 


involving 0 (7p) adaberon) to,;.one, of the ‘Sisites, 


FOF FFI! Eye t 
66 Pit Es <9 0-8 95 (= swe — products [70] 
FOF FOP F 


followed by decomposition via C-S bond cleavage. The rate 
constant measured faut? 


Sip ash 
Keen ae x 107° exp(-1700/RT) Ms 


Seheactions, withuAcyclic Thioethers. (Suliides) 
(a) S("D,, 3p) Atoms. 


To date, the reactions of S atoms with acyclic thio- 


ethers have not been reported. 


(b) Opes 35) Atoms. 


Of the acyclic monosulfides, only CH,SCH, has been 


studied extensively. A fast flow mass spectrometric study 
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or thie 0(?P) + CH,SCH. reaction detected the formation of 
large amounts of CH,SO along with trace quantities of CH,S 
and CH, On. It was proposed that 0 (7p) attacks the myysate 
Or CH3SCH., forming an excited dimethylsulfoxide intermediate. 
This excited adduct is formed with 85-88 kcal mole7- 
3 - : 

Cit? lori CHSSe areas —t (cx,-8-cx, 7 
of excess energy, exceeding the energy required for C-S 
bond cleavage by 23 kcal mous Therefore at low pressures 
the excited adduct decomposes rapidly, releasing CH, and 


CH,SO. 


+ 
i 
(cx,-2-cs,) nee CH.° 3 CH,SO- eal 


the CHS and CH,0 DROduGtS “are tprobably sa:he enesudst wot 
rearrangement in the excited adduct followed by decomposition, 


although this appears to be a minor pathway. 


Q i O-CH, 
PK od on ae te : 
exe § cH,] ——» cH,-S eat ns CH,0-  [72b] 
It was suggested that the excited adduct could also be 
Aes Las 
collisionally stabilized. A second study using the same 
technigue arrived at similar conclusions regarding the 
reaction mechanism. 
Recently, Cvetanovic and co-workers re-examined the 
jaaky) 
0 (7P) ne CH,SCH, reaction sin. a. static system £ ?indyproduct 
analysis revealed two products, C,H¢ and (CH,) 5S=0. The 


following additional steps were considered: 
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fe) fe) 

44 1 
2 CH,S0- ——* CH,~-5-0-s-cH, seats ees [73] 
PAGERS aioe ake ss [74] 
CH,- + CH,SO- > (CH) ,S=0 Ao 

O5CHe : 
CH3- + CH,SO--CH.,-S [76] 


Although products formed in steps [73] and [76] were not 
observed, (CH) ,S=O was shown to result entirely from step 
[75], and not from pressure stabilization of the adduct. 
In a recent HE ae 02 was photolyzed with CH3SCH, 
Paeat Ar matrix. (CH) ,S=0 was observed, substantiating 
the intermediacy of (CH) ,S=0 proposed by other workers. 
All of these observations unequivocally point to the 


actackior 0 (7p) on CH,SCH, as taking place exclusively on 


3 3 
the S atom to form an excited sulfoxide intermediate. 
Absolute rate parameters measured by several techniques 


Seed a ieercadn good agreement. Averaging all the data 


available gives kj9, v3 x nae Ug ee Sena E, 70.8 kcal molen. 
These parameters also have been shown to fit the ionization 
potential correlations already established for alkenes. 

For the case of disulfides, the 0 (7p) rt CH,SSCH, reaction 
has been studied Eee a No volatile products were ob- 
served, which was explained in terms of a mechanism involving 
regeneration of the substrate and production of heavy and 
unstable compounds. It was proposed that the O atom attacks 


one of the S atoms of the disulfide, forming a vibrationally 


excited thiosulfonate, 
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3 i: 
O(~P) + CH,SSCH, (ci,-B-s-cx,) [77] 
which then decomposes via S-S bond scission. 
O 7 
(ci,-8-s-ca) se ies CH,SO- + CH,S- [78] 


Rate parameters measured by flash photolysis-resonance 
Ll =) =} 


> Snes were k Tied 2 x 20 Mis and) Ena O. 
(298) a 

On the other hand, values of K (298) Ga ome {Pra 

and EA Se - OR Dy KCAL mole + were obtained using the phase 


shift technique. Nonetheless, the rate of this reaction is 
among the fastest of the known 0(°P) reactions. 
No data on the o(*p) + acyclic thioether reactions have 


been reported. 


F. Aim of the Present Investigation 


As is apparent from the foregoing discussion, studies 
on sulfur atom chemistry have been confined mainly to 
aliphatic hydrocarbons and the gross features of the reactions 
OF Sy. Sy with COS, alkanes, alkenes and alkynes have 
been quite well defined, and a great deal of rate data are 
available. ‘The reactions with dienes, however, are less well 
known; for allene and 1,3-butadiene, addition was the only 
observable reaction and no rate data are available for the 
former molecule. It was therefore decided to investigate the 
reactions of S atoms with 1,2-butadiene, for the following 
reasons: 
- there are two distinct addition sites in this molecule, 

as a result of different electron densities: the relative 


product yields should therefore reflect the well established 
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electrophilic nature of s (7p) atoms. 

emene presence Of a methyl group allows the POSSTOI ICY Or 
maser e1on, in competition with addition. 

- insertion into vinylic C-H bonds of alkenes has been shown 
to take place, yet it is peculiar that insertion products 


were not detected in the s(tp +. LS =-Crl sonics lene 


2? ae 
reactions; obviously, a meticulous search for insertion 
products is warranted. 

- none of the possible unsaturated thiiranes and thiol pro- 
ducts has been reported in the literature and they are 
expected to possess unusual and high reactivity. 

- the availability of rate parameters for the s (7p) reaction 
would further extend the remarkable correlation between 
rate parameters and ionization potentials already delineated 
for S + alkene and alkyne reactions. 

The reactions of sulfur atoms with COS and thiirane 
proceed by way of desulfurization,but other sulfur containing 
compounds,such as acyclic thioethers,have not been examined. 
Te was therefore deciaeaito first investigate the reactions 
of STB 35) atoms with dimethylsulfide, .from the kinetic 
and mechanistic point of view. By analogy with the 0(?p) + 
CH. SCH 


3 3 
attack the sulfur site leading to the formation of dimethyl- 


reaction it was anticipated that sulfur atoms would 


thiosulfoxide, in which case some of the properties of this 
elusive molecule might be elucidated. The results would 


also allow useful reactivity correlations with other known 
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acom and radical reactions with dimethylsulfide. The s + 
thietane reaction was studied in order to examine the effect 
of adding one C atom to the thiirane ring on the nature of 
the primary process and the products. Also, there are more 
Sites available for insertive attack in CH, (CH,) 55 as com- 
pared to en cuea, allowing some insight into the reactivity 
Se the sulfur movety in this molecule. It was also antic-— 
ipated that this study would provide some insight into any 
differences between cyclic and acyclic thioether reactions. 
Finally, two small projects were undertaken: when COS 
is photolyzed in the presence of CO., the CO yields have 
been reported to undergo a small but measurable decrease @. 
This could be due either to catalyzed recombination of s(7P) 
atoms, or to collisional deactivation of electronically ex- 
ercedeCOS. » In Order to elucidate the role of CO. in the 
photolysis of COS, it appeared desirable to reinvestigate the 


COS-CO. system. 


2 
Theypnotolys1Se( y=-1740 nm) Of thi1irane  generaces CoH, 


and elemental Fines ak Although kinetic and mechanistic 


arguments point to the non-involvement of sulfur atoms in 

the photolysis, more direct evidence in this regard was war- 

ranted. Therefore, it was decided to study the vacuum flash 

photolysis using the same instrument aS was previously em- 

ploveds = to measure rate constants for S(~P) atom reactions, 

and to monitor the 180.7 nm absorption line, corresponding to 
=) 3 


the S( Po or S,) EVvanciclon. 
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The results of these investigations are described in 


Appendices D and E. 
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CHAPTER II 


EXPERIMENTAL 


A. The High Vacuum System 


A conventional high vacuum system constructed of Pyrex 
tubing was employed. The system, consisting of the 
photolytic assembly, two distillation units (one for 
purification of substrates, the other for separation of 
products), a storage system, and a Toepler pump-gas burette 
arrangement, is illustrated in Figure II-l. Rotaflo teflon 
plug stopcocks were used for the GC injection system and 
Delmar mercury float valves, Springham and Hoke helium- 
tested valves were used throughout to minimize the loss of 
products in stopcock grease. Evacuation to 107© torr was 
achieved by a two-stage mercury diffusion pump backed by a 
Welch Duoseal oil mechanical pump. Pirani tubes 
(Consolidated Vacuum Corporation Catalogue No. GP-001), 
conveniently located in the system, were used to monitor 
distillation and gas transferences. The McLeod gauge was 
used to calibrate the Pirani gauges (Type G-140). The 
analytical distillation unit consisted of two U-traps, a 
coil trap, and a solid nitrogen trap interconnected by 


mercury float valves. The gas chromatograph inlet system 
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was connected directly to both the gas burette and the 
distillation train, thus enabling the condensable products 
to by-pass the Toepler pump and gas burette into the GC 


sampler. 


B. Photolytic Assembly 


A cylindrical quartz cell equipped with a cold finger 
(10 cm in length and 5 cm in diameter) and suprasil windows 
was used as the reaction vessel. A graded quartz-to-Pyrex 
seal attached to a high temperature Hoke valve (model 
421306y) connected the cell to the high vacuum system. The 
reaction cell and lamp (~ 5 cm apart) were held in position 
by 3-pronged clamps. 

The radiation. source was a Hanovia medium-pressure 
Mercury .are s(model 30620). For the cases of CHzSCH; and 
1,2-CyHe, it was operated in conjunction with three 2 mm 
thick Vycor 7910 cut-off filters, which limited the 
effective radiation to > 220 nm. Because of the presence of 
a long wavelength absorption band (Amay ~ 265 nm) in the 
spectrum of CH» (CH5) 98 (trimethylene sulfide), a 2 mm thick 
Vycor 7910 filter coupled with a 240 nm interference filter 
was required. This limited the effective radiation to ~ 
240-260 nm, with the most intense radiation centered at ~ 


250 nm. The lamp was allowed to warm up for an hour before 
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irradiation. 


For temperature studies, the cell was placed in a 


hollowed-out cylindrical aluminum block furnace measuring 16 


em in® length; "12.5"cem in’ external: diameter ‘and @6*cm™in 


internal diameter. The open ends of the furnace were 


covered with 2 mm thick quartz plates to prevent cooling of 


cell faces by air currents. Surrounding the aluminum block 


was a one inch thick layer of fibreglass insulation. The 


furnace was heated by means of four 10 cm long 150 
pencil heaters, inserted axially in the two halves 
block. Desired temperatures were maintained by an 
mode temperature controller. Cell temperatures (+ 
measured by standard iron-constantan thermocouples 
thermometer placed in an axial hole located at the 


the block furnace. 


Cc.’ Materials and Purification 


watt 

Sf “the 
APY 2= 
1°C) were 
and a 


face of 


1. Carbonyl sulfide (Matheson) was purified to remove CO, 


and H»S impurities by passage through two washing 


bottles of saturated sodium hydroxide solutions in 


series with two bottles of saturated lead acetate 


solution. The gas was then distilled in vacuo 


at -139° 


(ethyl chloride slush) and degassed at -160° (isopentane 


slash). 
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Dimethyl sulfide (Terochem) was distilled in vacuo at 
-98°C (methanol slush). Prior to each experiment, 
further purification was achieved by GC on a 6 ft x 4 mm 
(I.D.) glass column packed with 12% tricresylphosphate 
on chromosorb WAW-DMCS (80/100 mesh), then degassed at 
silo. (ethanol slush) three times to remove any C05 
which may have condensed during transference and storage 
gn, the GC train, 

NO (Matheson CP grade) was distilled in vacuo at -183° 
(liquid argon) and degassed at -196°. 

Propylene (Matheson, 99.7%) was distilled in vacuo at 
-139° and degassed at -160°. 

05, CO5 (Airco assayed reagents), were used .as ,such. 
1,2-Butadiene (Chemical Sample Co., 99%) was distilled 
at -105° (methanol slush with traces of water) and 
degassed at-139° (ethyl chloride slush). 

1-Butene (Linde, research grade) was distilled at -115° 
(ethanol slush) and degassed at -196°. 

Thietane (trimethylene sulfide, API-USBM standard 
sample, 99.95%) was purified prior to each measurement 
byeiGC On bao atte aemm (1. D>) column packed with 10% 
squalane on chromosorb W, HP (80/100 mesh) then degassed 


at -105° (methanol slush with traces of water) to remove 
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Analytical Techniques 


Gas chromatography was used for the quantitative 
analysis of products and for purification of 
substrates. The unit consisted of a Gow-Mac power 
supply model 24-500 and a home made micro volume cell 
eetector fitted: withs a pair of Gow-Mace13—-502 
thermistors, operated at 30° with a bridge current of 8 
mA. The temperature of the detector was kept constant 
by a Colora circulation bath connected to a water 
jacket, which housed the detector block. Signals were 
fed into a Hewlett-Packard model 7101 B strip chart 
recorder. 

The carrier gas was helium (Linde), purified by 
passage through a trap of molecular sieve 5A (1/16" 
pellets) at -196°. Flow control was attained by an NRS 
needle control valve (model A-12) and the flow rate was 
measured on a bubble flow meter. 

GC columns were constructed of Pyrex or quartz 
glass or teflon tubing and were connected to the 
apparatus by means of Beckman teflon tube fittings No. 
404. Column temperature was maintained by a water 
bath. Tables II-l1 and 2 summarize the columns used, the 
retention times and operating conditions for all the 


analyses and purifications reported in this work. 
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Coated column packings were prepared by the "funnel 
coating method" as described by McNair and Bonellil23, 
and the % coating was checked after the preparation. 
Occasionally, commercially coated supports were used. 

GC effluents could be directed through a series of 
coiled traps at -196° (Figure II-1) in which the desired 
compounds could be trapped for further analysis and 
identification. Product identification was achieved 
initially by comparing the GC retention times with those 
of authentic samples, whenever possible, followed by 
spectral analysis. 

A direct calibration for the detector response was 
made for nearly all the products. Standard samples of 
methane, ethane, ethylene, dimethylsulfide, 
dimethyldisulfide, methylthiirane and thietane 
(trimethylene sulfide) were available and others were 
obtained in vacuo by collecting the reaction products 
individually. Samples purified by GC were measured in 
the gas burette and the resulting peak areas were 
measured with an Ott planimeter. The response was 
always linear over the range of yields obtained from 
typical experiments and the calibrations were 
reproducible to better than 5%. In the case of 1,2- 


dithiolane (CH (CH) 588), the molar response was 
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estimated indirectly by assuming that the addition of a 
Sulfur atom to thietane causes the same molar response 
change as in the case of dimethylsulfide. Therefore the 
molar response, R of 1,2-dithiolane was calculated from 
the relationship: 


ie Ri dimethyldisulfide) eo 


Ri, 2-a@ithielane) (thietane) 


(dimethylsulfide) 


UV, NMR, IR and mass spectral analyses were used for 

qualitative identification of products. 

(a) For mass spectral analysis, samples from the GC 
effluent were distilled into GC/MS tubes, sealed in 
vacuo and stored at -196° until use. Mass spectra 
were obtained on an AEI MS-12 instrument with the 
ion source operating at 70 eV and the temperature 
of the ionization chamber was kept at ca 50°. 
Samples were analyzed on an appropriate GC column 
adapted to the MS-12 chromatograph (Varian 
Aerograph series 1400). In the case of solid 
samples, analyses were done individually by the 
direct probe method. 

(b) NMR spectra were generally obtained on a Bruker WH- 
400 spectrometer and occasionally on a WH-200 


spectrometer. For volatile compounds, spectral 
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(d) 


grade CDCl3, used as a solvent, was degassed in 
pyrex medium wall NMR tubes. The trace quantity of 
CHCl3 present in CDCl3 also served as an internal 
Standard. GC purified samples were then condensed 
into the tubes, which were then sealed under 
vacuum. For solid compounds, thin wall NMR tubes 
were used and the solutions were prepared by simply 
dissolving the solid samples in CDCl3. Analyses 
were generally done at -30° or at room temperature, 
depending on the stability of the compound being 
analyzed. 

Infrared spectra were obtained in the gas phase or 
in Ar-matrix on a Nicolet 7199 FTIR spectrometer. 
Samples were purified by GC and distilled into a 10 
em <ibs9 cm cylindrical quartz cell fitted with 
Kodak ZnS polycrystal windows, or into an ordinary 
Pyrex tube fitted with a grease stopcock for later 
deposition of the sample into an Ar-matrix. 

UV spectra were obtained in the gas phase on a 
Unicam SP-1700 spectrometer using a 10 cm x 1.9 cm 
quartz cell fitted with suprasil windows. A UV 
spectrum of 1,2-dithiolane in methanol was also 


obtained on the same instrument. 
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E. Operating Procedures 


Reactant pressures above 50 torr were measured on the 
manometer with the aid of a cathetometer (Guffin and George 
Ltd.). Calibrated volumes of various sizes (see Figure II- 
1) were used to prepare substrate pressures below 50 torr. 
The reactant mixtures were distilled into the cell through 
the U trap at the lowest temperature allowed by the vapour 
pressure of the substrates and allowed to mix overnight 
prior to irradiation. In those cases where there was only 
one substrate, at least one hour was allowed for 
equilibration. 

In determining R° 


COs 
formation from pure COS, short conversion runs producing 


the rate of carbon monoxide 


less than 3 uwmoles of CO were generally used to minimize the 
amount of deposition of elemental sulfur on the cell window. 
After irradiation, the cell contents were frozen into 
the cell cold finger at -196° and non-condensable products, 
such as carbon monoxide and methane, were transferred 
through a series of traps at -196° via the Toepler pump in 
conjunction with the single stage mercury diffusion pump to 
the gas burette. To ensure complete removal of all non- 
condensable products, the condensable materials were 
alternately thawed and refrozen at least twice with the non- 


condensable gases being removed each time. In the cases 
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where NO or CoH4g was present, a solid nitrogen trap (-210°) 
was used. After being measured in the gas burette, the non- 
condensable products were transferred to the GC inlet where 
the amount of CH, could be determined ehvonacoerepnie aioe 
This was then subtracted from the gas burette measurement, 
thus enabling quantitative determination of CO. 

NO in the solid nitrogen trap was removed at -183° 
(liquid Ar). Other light hydrocarbon products and the 
excess reactants were separated from the ‘sulfur products by 
distillation through three traps at appropriate low 
temperatures, as indicated below: 

1) ethylene, at -183° (liquid Ar), collected in the gas 
burette and analyzed by GC. 

2) ethane, at -160° (isopentane slush), and measured 
chromatographically. 

2 (COs;, €O>),.and propylene tat —139° (ethyl chloride slusth)): 

4) 1,2-butadiene and l-butene at -115° (ethanol slush) 

The remaining condensable fraction, which contained the 
sulfur product(s), was distilled into the GC sample iniet 
for analysis. In the cases where dimethylsulfide, or 
€H5 (CH>) 58 was the substrate, the substrate was transferred 
together with the sulfur products directly into the GC 
sampler and separated chromatographically. 


After each experiment, the cell was cleaned by 
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admitting air and heating with an oxygen flame to remove 
elemental sulfur and/or polymer which deposited on the cell 
windows during irradiation, thereby reducing the effective 


light intensity. 


F. Microwave Discharge Experiments for the COS-CH3SCH3 
System 


O05 was used as an oxidant for the solid cell residue 
remaining after high conversion experiments. Complete 


oxidation was achieved by microwave discharge for 2 hours. 


After the discharge, the O07 was separated from the oxidation 


products by careful distillation through three traps at 
=tos (riquid Ar). "fhe oxidized "cell’*contents “were” then 
subjected to GC analysis. The microwave discharge unit was 


a Baird Atomic Inc. Hg-Microwave Exciter Series No. EY-55. 
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CHAPTER Lid 


REACTIONS OF SULFUR ATOMS WITH 1,2-BUTADIENE 


A. Results 

The U.V. absorption spectrum of 1,2-butadiene indicates 
that it has significant absorption in the’ region used for 
COS photolysis. The extinction. coeffierents at 298 K for 
P2-C He at 24 0pandi254enm-are 9.71: jand) 072452 MOlCmecae 
respectively. The corresponding coefficients for COS are 


Pom ard. 1346 oie! ent 


A COS/1 ,2-C,H, ratio om 4:lawas 
chosen in most cases, which ensured that >93% of the incident 
radiation was absorbed by COS at 240 nm and >99% at 254 nm. 


Even at the lowest COS/1 ,2-C He ratno (254) used, 290% and 


4 
>97% of the radiation was absorbed by COS at 240 and 254 nm, 


respectively. 


ime Reaction: Products 

The photolysis os “COS) ini the presence: os 1 ,2-C,H¢ led 
to the formation of five chromatographically separable sulfur 
addition products (1, 2, 3, 4 and 5). The mass spectra 
indicated that all five products were of molecular weight 86, 
corresponding to the molecular formula C,H¢S. A GC/MS study 
with a mass 86 cross-scan showed the presence of two addi- 
tional mass 86 peaks, 6 and 7 (-Figure-Ilit—<i). Unfortunately, 
these two products were formed in very minute quantities, so 


that further spectral analyses were not possible. The pos- 


sibility that either of these compounds is vinylthiirane 
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(a product of the reaction of S atoms with 1,3-butadiene, 
which may be present as an impurity) “> was ruled out by 
comparison of the mass spectra. 

The five major products could be collected in suffi- 
cient quantities for NMR analysis at 400 MHz. Gas phase 
IR and UV analyses. were also performed for products 1, 

4 and 5. Ar matrix IR and gas phase IR analyses performed 
on 2 and 3, respectively, were unsuccessful due to their 
small yields and low stability. UV analysis of 2 and 3 
was not attempted. 


The mass spectra of the seven S products are tabulated 


in Appendix A-l. 


a) Indentifications: 
Product l 

The,;NMR spectrum of product 1 (Figure III=-2) shows four 
resonances of relative intensities 1:1:1:3 (H, ?H,?HQ:H)). 
Two of these (Hy and Hy) are ing the yvinylic ‘region, at G= 
Be Op yandso=5 221 respectively. ~Proton “H, 1s"a triplet weth 


A 


a solitting of 16 Hzand proton’ Hs is also a triplet, with 


B 
a Spiicring Of 2967272 Protoneia, ac 6=3.26, shows a triplet 
splitting of 1.7 Hz. and.a quartet splitting. of 5.8.Hz. 
This latter splitting is the same as that of protons Hp 
which is a doublet at 6=1.55 (methyl region). 

The relative area and chemical shifts of protons Hy 


correspond to a methyl group. The relatively large coupling 


of 5.8 Hz between Hy and Ho implies that they are close to 
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FIGURE I1l=2: 


NMR spectrum of 2-methyl-3-methylenethiirane (1). 
Note that the purpose of the expanded resonance lines 
is to show the splittings qualitatively. 
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each other (not more than three bonds apart) as shown: 


H 
Han 
a > 
a 
H H 


The fact that Hy and Hp are vinylic means that the other 
two carbon atoms (C, and C,) of the molecule form a vinyl 
group. Consequently the fourth bond of the second carbon 


atom, Cor must be to the S atom as shown: 


According to the molecular formula, a ring must be present. 


Hence only two structures are possible: 


H S 
Cc 

oN DMR ose: bea Ne a or B 

weet pHC Net 

Zea H A or B 
see Cc Ha OB 
3 
(I) wes) 


The cis vinylic protons (Hy and Hy) in structure (ITI) 
would have a coupling constant of at least 5 Hz (generally 
7-10 Hz). However, from the spectrum, Jap ~1.6-1.8 Hz, 


which is a typical geminal vinylic coupling constant. This 


is consistent with structure (I). Finally, an -SR group on 
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a substituted ethylene will shift a proton cis to it to 


higher field (lower §) than one trans to it. Since Ha is 


mee). 62 and Ho is at 6=5.21, H. is assigned to be cis to 


B B 
the S atom. Thus 1 is 2-methyl-3-methylenethiirane,with the 


structure: B 
Ss H 
i ee beg 
“ag SH 
Hoey A 
HC 
D 
The IR spectrum of 1 (Figure III-3) is consistent with 


this assignment. Thus the strong absorption at 840 ow 


corresponds to the out of plane C-H deformation of a di- 


Substituted ethylene of the type R,R,C=CH, shifted from its 


dieg Z 


normal value of 900 sue to lower frequency due to the pres- 


ence of an adjacent oxygen or sulfur tio The medium 


epsorption at 1/15 om 4 corresponds to the C=C bond stretch- 
ing. The C-H stretching frequencies at 13008 and 2970 em7> 
Probably correspond to those of ring C-H stretch reported 
£Or vinyltMiirane.- Riso, thesviny!l C-H=stretci req10onso: 
this spectrum bears a strong resemblance to that reported 
Lor Petes ean 


As is apparent from the structure derived, 1 possesses 


a chiral center at C.: 
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merempes CO. Separate, the optical isomers of 1 by G:C} 


using a chiral stationary siemens” proved unsuccessful. 


ELroouct 2 
The NMR spectrum of product 2 (Figure III-4) shows 
five resonances of roughly equal areas in the vinylic region: 


proton Ha at 6=6.48, which shows doublet splittings of 16.8 


Hzeand 10,4 0Hz> .proten Hee witheal doubler splitting of 1628 


BZ, at,o=5.41;- proton) H with a doublet splitting of 10.4 


ei 
HZ at 6=5.26; proton Hye a broad singlet at 6=5.36; and 


proton H at o=o, oo ewe a GOUbLet splitting of °:055) Hz. 


jad 
al Ho and He show additional unresolved splittings. 


A sixth resonance, due to proton H 


Resonances H 


rl occurring in the viny- 


lic -SH region, is a singlet at 6=2.96. 


Proton H, has common splittings with H, (J,,- 16-8 Hz) 


and with proton H (J,q=10.4 Hz); indicating that!) Haas 


e A 


coupled to these two protons. Furthermore, Jrpule.8 Hz is 
a typical coupling constant for protons trans across a 


double bond, and Jno=l0.4 Hz is typical of a cis coupling. 


H. and H. all belong to the same 


Tiereflore protons Har Hp C 
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FIGURE III-4: NMR spectrum of 1,3-butadiene-2-thiol (2). 
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vinyl Groups sErotons Hp and He are also vinylic, indic- 


ating the presence of a second vinyl group in the molecule. 
The molecular formula (C,H¢S) requires that these two vinyl 


Groups must be conjugated to each other as shown: 


BHA oe 


c= 
og 
cH NAY 


Some of the unresolved splittings were determined by 


Tears 


decoupling experiments. The results show additional coupling 


constants: 0<J,<0.5 Hz, 0<I,,<0.5 Hz, Jp 0.5 HZ and Jap™ 


1,2 Hz. The small coupling constant between Hp and He is 
consistent only with a geminal configuration for these two 
protons. Thus they are on the terminal end of the second 
double bond. This leaves the -SH group on the substituted 
end of the double bond. Finally, the relation of protons 
Hp and H, to the -SH group (cis or trans) still needs to be 
determined. However, additional information can still be 
obtained by comparing the coupling constants of product 2 


2] 
with those of 2-chloro-1,3-butadiene. 


For 2-chloro-1,3 butadiene, the coupling constants are: 
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For product 2 the corresponding coupling constants are: 


Jn 0.5 HZ Jap=l-2 Hz 
<< 
Jan O35 hz Japs 0.5 HZ 
These similarities in the coupling constants (Ue & Jape 
aa? & Jap: deal Jap: and sD aes & Jor) strongly support the 


assignment of Hy asstEnerproton cis to the -SH group. “There— 


fore 2 is 1,3-butadiene-2-thiol,with the following structure: 
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3 Mesa, al 
eee 
C=CH 
H~ A S 
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Product 3 

The NMR spectrum of product 3 (Figure III-5) shows 
only three resonances, with relative intensities 1:2:3 
(Hy +H,+H,)- There is only one vinylic proton, H,, occurring 
ato=—6).05>-witheasquartet splitting of 6.5 HZ and*a triplet 
Soretting OL) 1, 60> 1Z5, Protons Hye located at 6=2.77, show 
Brmapparent quintet splitting of 1.5 Hz. The third reson- 
ance, located at 6=1.89 (methyl region) is due to protons 


H This shows a doublet splitting of 6.6 Hz and a EGiprec 
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FIGURE III-5: NMR spectrum of cis ethylidenethiirane (3). 
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The area and location of Ho indicate that this signal 


is due toa ~CH3 group. The relatively large coupling 


constant between protons Ho and the vinyluc protom H-8 (J 


A AC 
= 6.5 Hz) implies that they are separated by three bonds at 


the most: 


H 
Cc 
cH) 
ain AS eric 
cH Voom 
A 


As protons H, are not vinylic, the molecular formula requires 


B 
Baat pDrocuct; 3 contain a rings The only ringjcontaining 
structure that is consistent with the partial structure 


shown above is either cis or trans ethylidenethiirane. 
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The question of the isomeric fdentity Of Produce 3) wii sk 


be discussed together with that of product 4. 


Product 4 
Similar to product 3, the NMR spectrum of product 4 
(Figure III-6) shows three resonances of relative intensities 


ieee 2 3 (Hy? H,?Ha)- The single vinylic proton, Hyr located 
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FIGURE III-6: 


NMR spectrum of trans ethylidenethiirane (4). 
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at 6=5.62, has a quartet splitting of 6.8 Hz and a triplet 


Peereting Of 178° Hz. Protons Hy appear as a multiplet at 


6=2.66. Protons Har at 6=1.82 (-CH, region), show a doub- 
Bee splittings Of 639 Hz and a triplet splitting of 1/0 Hz. 
Miewrelacive area and chemical shift of protons Ho in- 
eecace that they’ form a’ methyl group, as in the ‘case of 
product 3. The relatively large coupling constant between 
protons Ho and Ay (J. o=6.8 Hz) implies that these two pro- 


tons are at the most three bonds apart as shown: 


aN 
ere, 
vf Nc=c7 
cH Ho nS 
A 


Since protons te are.not vinylic, the moleculareron-] 
mula requires that product 4 must contain a ring,as in the 
Gase of product 3. .Therefore,«product 4 must be the geo- 
Metric isomer of product 3, cisfor trans ethylidenethiirane: 

AH.~Y a 
~~ he 
BH 


else ers Lens 
The question of the assignment of cis and trans geo- 
metry to products 3 and 4 was resolved by examination of 
chemical shifts. Additional evidence, though not compelling, 
was obtained from an nOe (nuclear Overhauser effect) exper- 


iment on product 4. 
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Assignment of cis and trans geometry to products 3 and 4: 


a) Chemical shift assignment 


Chemical shift tables!23 indacate that in) -substitcuted 


be ols e 
ethylenes ( Se renee ) 7 ani -SR group,shitfts a proten, crs 
EOmitsby about.0.24-ppm-to-higher «field (lower 6), relative 


to the unsubstituted ethylene, and a trans proton will be 


shifted by only 0.04 ppm to higher field as shown: 


Sr a ai (cis) -0.24 ppm. 


‘H (trans) *®=02:0 4) . ppm 


Therefore it should be possible to assign the geometry of 
isomers 3 and 4 by examining the relative chemical shifts 


of protons H, for these two compounds. In the trans isomer, 


A 
A 
He LS 
C C | trans isomer 
HCmab 4 14.C 
3 / SH 
C H B 
B 
proton Hn is cis to the S atom. Therefore in this case, 
the Hy resonance is roughly 0.2 ppm to higher field than the 


Hi, resonance in the cis isomer (Hy is trans to the atom: 
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Since the Ha resonance in product 4 is 0.43 ppm to higher 
field than the Hy resonance of product 3 (6.05 ppm-5.62 ppm; 


Hy Obes atvr6=6 S057 9H VOf 4hatvd=5162)p¢ iteistreasonabilel to 


A 
conclude that 4 is the trans isomer, “andv3eisuthe cESMiso= 
mer. The chemical shift difference obtained experimentally 
is larger than that predicted (0.43 versus 0.2 ppm). How- 
ever,this is not surprising since the chemical shift quoted 
from the literature represents an average value only. More- 
over, the shift caused by an S atom in a small ring is not 


necessarily identical to that caused by an -SR group. In 


fact,this chemical shift difference for the cis and trans 


Lee bs 


(to the S atom) Hy protons of 0.43 ppm is in excellent agree- 


ment “with*that©of product'1 (H,, trans at 6=5.62, H,rcis at 


6=5.21). 
Sv " J's OCs C=o 021 
c=C 
Ve “SH, ppEransveo=57072 
cH” \ 
pH,C 


b. Nuclear Overhauser effect (nOe) evidence: 


In an attempt to further confirm the isoméric assign- 


ment of 3 and 4, a nuclear Overhauser effect (nOe) experiment 


set 
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was performed on product 4. (It was not possible to collect 
purticient quantities of 3 to perform a Similar study.) 
Basically, the nOe is a change in intensity of one NMR 
Signal when another one is saturated. In simple cases, 
the nOe between two protons in a molecule can be calculated 
from the geometry of the molecule. Therefore it should be 
Beseible to predice nOe‘sifor the cis and trans isomers 3 
and 4. Using literature values of bond lengths and angles 


128 


for -methylenethiirane) nOe's were calculated for the cis 


and trans isomers (Appendix B). These values were compared 
with the experimental ones obtained for 4 (Table III-1). 


As shown in Table III-l, the signal for the H, protons 


B 


increased by a factor of 0.013 when the resonance of the 


methyl protons H, was saturated. The predicted enhancements 


e 
are 0.001 for the cis isomer and 0.069 for the trans isomer. 
Therefore the observation of a non-zero nOe (0.013 versus 
0.069 predicted) at the Hp resonance when the Ho resonance 
was saturated can be taken as supporting evidence for the 
trans assignment of 4. However, the observation of such a 
small nOe is not very convincing, and the strongest argu- 
ments in favour of the geometric assignments are based on 
chemical shift data. 

The IR spectrum of 4 (Figure III-7) is, as expected, 
similar to that of 1. Evidence for the presence of a vinyl 
group comes from the characteristic absorption at 3060 


-1 
cmt (=CH), and the out of plane deformation at aVcyehey veitiy A 
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TABLE IITI-1 


Calculated and Observed Nuclear Overhauser Effect (n0Oe) 


for the cis and trans Isomers of Ethylidenethiirane. 


Proton (s) Proton (s) Calculated nOe Observed nOe 
saturated observed 2 (trans isomer, 
cis trans 4) 
CH, (B) H (A) O2:01.9 0.006 0 
CH, (C) H(A): 0.481 0.488 0.42 
CH, (C) CH, (B) 0.001 0.069 0.013 
H (A) CH. (B) 0.004 0.0001 not done 
H(A) CH, (C) 0.025 0.024 not done 
CH, (B) enc) 0.0003 0.047 Om 


“spin-rotation relaxation of the CH, group may have 


decreased the nOe that would have been observed in 


this Gacea-” 
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FIGURE III-7: The gas phase FTIR spectrum of trans ethylidene- 


thiirane (4). 
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The C=C absorption evidently occurs at 1700 oneak As in 


the case of 1, the absorption at 2990 cry corresponds to 


ene C-H stretching frequency of the thiirane ring. 


Eeoauct 5 
The NMR spectrum of product > (Piduresiii—3)@ shewes-ourc 
mBesonances Of relative areas 1:2:2;1 corresponding to pro-= 


tons Hye Hp Ho and Hye respectively. Proton Har located at 


eao.20 (Vinylic region), shows two\triplet;splittings of 7.4 


ero 6.6 HZ. Protons Hoe at 6=4.80, are also in the vinylic 


region. They show a triplet splitting of 2.7 Hz and a doub- 


Petesplitting Of 6.6 HZ. Protons H at 6=3.10, show two 


cr 
momblet splittings of 7.4 and 7.9 Hz and a triplet splitting 


te.) HZ. Finally, proton H. is a triplet with a ‘splitting 


D 

@em7.9°HzZ, Occunring at 6=1.58 (aliphatic =SH region). 
From the chemical shift (6=1.58), proton Hy is appar- 

ently an -SH proton. It has a large splitting in common 


with the aliphatic protons H (Sap=/-9 Hz). This implies 


C 
that protons Hp and Ho are at most three bonds apart as 
shown: 
Jes 
pH— s— C— 
he 


Protons Ho and Hy also have a large common splitting (Tn = 


7.4 Hz). This again implies that they are separated by not 


more than three bonds: 
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FIGURE III-8: NMR spectrum of 2,3-butadiene-1-thiol (5). 
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As mentioned earlier, protons Ha and He are vinylic. 


However, they cannot be on the same C=C bond, because pro- 


tons Hp are equivalent. Consequently, there must be two 


double bonds in the molecule, in keeping with the require- 
ment of the molecular formula. Furthermore, the equivalence 
of two H, protons requires that the rest of the molecule 

be symmetric with respect to the =C(H,) 5 plane. This is 
only possible if the second vinyl group is joined ortho- 


Genally togehat of the H. protons, thus putting the other 


B 
half of the molecule perpendicular to the =C (H,) 5 plane as 


shown: 


b= GC B 

HSH,C vH 
Wee ae: 

H~ i 

A B 


Hence 5 is 2,3-butadiene-l-thiol. 
Further confirmation of this proposed structure 1s seen 


in the IR spectrum shown in Figure III-9. Conclusive evi- 


dence for a monosubstituted allene structure comes from the 
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FIGURE I1I-9: The gas phase FTIR spectrum of 2,3-butadiene- 


1-thiol (5). 
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enatacteristic,absorptions at 1960 cm7+ (C=C=C). The weak 


absorption at %2500 cm > is characteristic of an -SH group. 


bem cCOperties of 1, 2, 3,4 and 5 


~ ~ ~ 


The gas phase UV spectra of 1 and 4, shown in Figures 
Git—1O ana ITI-11, are qudite similar in that both show three 
absorption maxima. For product 1, the three maxima are 
mocated at h,=200, hy=235 and A3=275 nm with corresponding 

3 S 2 


extinction coefficients e\* 2x LO; E5* 7x10” and E 3° 2x10 


if Poene ons. The three maxima of 4 are located at Ay=l95, 


\g=230, and \,=285 nm with ¢,= pal a2 3x10? and ae 2x10- 
ui m@le 7c —, The UV spectrum of 5 (Figure, ITll=12) tisraqurce 
different from that of 1 and 4; the long wavelength transit- 
ion is absent. The first absorption maximum with E5* 3x10° 
1 mole~tem™+ is centered at h5#205 nm. A weak shoulder with 


Eg™ 1x107 A mole tem7+ lies at hg=230 mm. It iS apparent 
that both the thiiranes (1 and 4) and the thiol (5) are 
photochemically quite unstable, due to their large extinction 
coefficients in the near UV. By analogy, products 2 and 3 
are also expected to be photochemically unstable. 

In the present investigation, it was noted that these 
compounds are very sensitive to Pyrex surfaces: leaving a 
gaseous mixture of the products at room temperature ina 
Pyrex trap overnight resulted in > 95% product loss. How- 
ever, when the products were left ina quartz eel leunders tic 


same conditions, more than 50% was recovered. At -196°, 


the products are relatively more stable. The products 
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The gas phase UV spectrum of 2-methyl-3-methylene- 
thiirane (1) at low and high concentrations. 

- a=base Mie ee 30 ml, 10 cm path length quartz cell, 
b=low concentration, P~0.2 torr, c=high concentration, 


FIGURE III-10: 


P~4 torr. 
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FIGURE III-11: 
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The gas phase UV spectrum of trans ethylidene- 
thiirane (4) at low and high concentrations. 

a=base line of 30 ml, 10 cm path length quartz 
cell, b=low concentration, P~0.6 torr, c=high 


concentration, P~l torr. 
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FIGURE III-12: The gas phase UV spectrum of 2,3 -butadiene-1- 
thiol. a=base line of 30 ml, 10 cm path length 


Quartz cell, b=P~0.2 torr. 
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exhibit greatest stability in dilute CDCl. solution at 


3 
-4° in sealed NMR tubes covered with aluminum foil. 

It was also noted that the S products are extremely 
sensitive to mercury surfaces: more than 50% of 1 was lost 
after being transferred to the GC sampler via the To6epler 


pump-gas burette system, where a large surface area of 


mercury iS available. 


Zee Gerects of [Exposure Time, Total Pressure and Added co, 
On ProductsyYieldas ie 

Due to fluctuations in the intensity output of the lamp 
and to sulfur deposition on the cell window, along with 
changes in the COS absorbtivity with temperature, the amount 
of conversion was determined relative to the yield of CO 
rather than to exposure time. 

The variations in product yields with exposure time are 
iasted-in Table ILi—2)and illustrated in Figure III-l13. The 
product recoveries are low, even at low conversions. In 
addition to the S addition products, a very small amount of 
CSo, which could not be determined quantitatively by GC or 
by distillation, was formed along with trace quantities of 


GH As is Apparent srom.) Table LIll-2, the rate of CH, 


Aye 
formation increases with time, indicating that at least part 
of it is formed in a secondary process. The variations in 


the product rates of S products are TlLlustrated sneha gu rew@Li tL 


14, where it is seen that the rates of the formation of 1 and 
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FIGURE III-13: 


S product yields as a function of CO yield 
in the COS - 1,2-C He system. P(COS) = 200 
torr, P(1,2-C,He) = 50 torr. 
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FIGURE III-14: Rates of S product formation versus CO yield in 
the COS - 1,2-C,He system, P(COS) = 200 torr, 

P(1,2-C, He) = 50 torr; Rate(1)+ 9 ~ 0.235 umole/ 

umole CO, Rate(4),_ ~ 0.115 umole/umole CO. 
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4 decrease with time, whereas those of 2, 3, and 5 are appar- 


~ 


ently constant. 

The rates of product formation as a function of total 
pressure are listed in Table ITII-3 and illustrated in 
Figure III-15 (To minimize the effect of the strong time 
dependence of the rates of 1 and 4 on the pressure study, 
the same conversion was employed for all runs, and the rates 
ane Figure IiI-15 were corrected to zero time using Figure III 
- 14.). There was a dramatic increase in product recoveries 
at high pressures (45%), and this was entirely due to the 
increase in the rates of formation of the thiiranes: that 
of 1 showed a sharp initial increase, levelling off at high 
pressures,while those of 3 and 4 showed a moderate steady 
rise. On the other hand, the rates of formation of thiols 


2 and 5 were not affected. 


The fddition of Vl200 torr CO. =O. a COS/1,2-C,H, = 
100/50 mixture suppressed the thiol formation and caused a 
concomitant rise in the thiirane yields. The production of 
CH, was also suppressed. The total product recovery increased 
slightly (11%). Table III-4 shows the product distributions 
in the absence and in the presence of 1200 torr CO,. Values 


corrected to zero time are also listed. 


3. Relative Rate Parameters 


For a COS pressure of 100 torr, and a CO,/COS ratio of 


~ 12-13, it was found that >90% of the S atoms produced are 
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FIGURE III-15: 
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Rates of product formation versus total pressure in 
the COS - 1,2-C,He system; P(COS)/P(1,2-C,H )-= 4, 
Rates of 1 and 4 are corrected zero time values. 

The extrapolated zero time rates at P = 1200 torr for 
l, 35 and 4 are 0.290, 0.042 and 0.123 umole/umole CO, 


respectively. 
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in the triplet ground state. Thus this CO,/COS Tactile, 1s 
Sueticient for the study of s (7p) reactions. 

The relative rates of reaction of s (7p) atoms with two 
alkenes, I and II, may be determined from the relative yields 


of the thiiranes (E) produced. The two competing reactions 


EG 
a ky 
i Gt 22) a ae SEE oon Ey (ely 
3 Ko 
cosa (reg 2m ne in 8 ae oe Err a2 


eh. = E,/CO in the presence of II, and B = E,/CO then 


the relative rate expression is: 


B Sp ye ee [3] 


: [T] 


feretore, a plot of B/A versus [II]/[1I] will give a straight 
line with a slope k,/k,- Thus the absolute rate constant, 
k,,0f reaction [2] can be obtained if ky is known. In cases 
where the thiirane(s) formed in [2] is/are unstable, then 

the relative rate can be obtained by monitoring the rate of 
decrease of thiirane (E,) formed in [pl]... fences. ROS E,/CO 


gn the absence of (11), then [3] becomes: 


AWA kK (a [4] 


A ey ky [I] 


and a ploteok (A, -A) /A versus [II]/[I] will yield k5/k,- 
1-C.H. was chosen as the reference substrate (I) since 


4°°8 
its vapour pressure is similar to that of 1,2-C,H, Ciel) ate 


lowing low temperature distillation of the reactants. Also, 


H. reaction produces 1-C, Hes (ethylthiirane) 
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quantitatively, and the absolute Arrhenius parameters 


have been measured. 
Product yields for mixtures consisting of 100 torr COS, 


71200 torr CO, and fixed pressures of 1-C, Ho in the presence 


of increasing amounts of 1,2-C,H¢ at five different temp- 
Cracures aré.summarized in’ Tables III=-5 to III-9. It is 
seen that the 1-C,HgS/CO ratio decreases with increasing 
pressure of 1,2-CyjHe, Owing to the competitive scavenging of 


s (7p) atoms by 1,2-C,He. Ti "as ,apparent: that, the ratenconsrant 


ratios, obtained by monitoring the de- 


nA oad bp Ve re 
di, 2 CyHe 1 CyHe 


crease in the 1-C,H,S/CO ratio (A) are consistently high- 


er than those obtained from the C4H¢S/1-C, HS ratio, (B/A); 


this is not unexpected since the product recoveries from the 


oar -1,2-C H¢ reaction are not quantitative. Consequently, 


4 
the relative rate constants obtained from plots of (A,-A) /A 


versus [1,2-C,H_]/ [1-C,H.] were used to calculate *1,2-C,H¢" 


Miesesplots are illustrated in) Figure) Ifi-16, and the slopes 
and intercepts obtained by least mean squares analysis of 
these plots are tabulated in Table III-10. The slopes are 
plotted ini the Arrhenius form in,Figure III-17. The weighted 


least squares fit of the Arrhenius plot gives: 


nN VAN = 8553) = 0.26; and 
1,2-C,H, 1-C He 


-1 
Elche P1,2-C4H, = LE@h7 & 0.03) "kcal moles. 
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FIGURE I1I-17: Arrhenius plot for the S(°P) + 1,2-C,H, and 


1-Cy He system. 
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The cumulated tm bonds of 1,2-butadiene are mutually 
perpendicular, and consequently, there is little interaction 


between these two bonds. Thus in 1,2-C He the ™ bonds rep- 


4 

resent two non-equivalent reaction sites. However, there 

is o-7 overlap between each 7 bond and the coplanar C-H bonds 

(hyperconjugation), resulting in stronger C=C pondeea 
The products observed in the COS-1,2-C,H_ system indi- 

cate that the reaction of S atoms with this diene conforms 

with the general mechanism already established for the reaction 

with alkenes, i.e. S atoms either add to one of the C=C bonds 


or insert into the C-H bonds. Thus the following steps may 


besconsidered for the S + 1,2-C He system: 
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7 3 
COS +-hy ——————+ co + S( Dos P) Bey 
s(*D,) + CoS ——~—~ cot S5 [6] 
ao) +M s (2p) + M Ree) 
S( pi Ateoston FS 4. co +8), [8] 
1 S H 

1 2,3-addn. r ak Neel cece [9] 

S(D + CH.CH=C=CH. —————— L=C LC 

CH3 CH3 
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S addition product recoveries in the present system are 
relatively low ( 170% at zero time), in contrast to the alkene 
systems where the yields are quantitative at low conversions. 
The loss can be ascribed in part to the moderately strong U.V. 
absorption of the products at longer wavelengths (A>250 nm). 

The formation of product 2 presumably could occur via 
an enethiol-thioketone-enethiol tautomerization. The initial 
tautomer, CH,C (SH) =C=CH, (2,3-butadiene-2-thiol) ,could be form- 
Eamrrom direct insertion of S("D5) into the alkyl ssubscurtuced 
any) C-H bond (step [13])) or from unimolecular isomerization 
of the hot thiirane, produced by 2,3-addition of S(gues (step 


[9]) via a bicyclic activated complex as shown in scheme (I). 


sis meteve Jagee2 Bld iad eellepyetn® Teeheeg ieee " 
f fan yo ios TS , (Su? 3 oOsSc =~ 6 St d 3 - 


a ) wrt TE. ere en suy) == blew) abialy — i 
'¥.U sass! 7¢sahaben a5) ons bse Ftd rae toe od sad 
"ioe 
? a 
Ap ono . 


17 Cee ) Pil enki 1. 
pd pie 


tuoso tiuiee hiss id emateed hot 


i 
7 


Perit)? Sas iv AhS: ais . 
6 ye | 
no; Jess" an “nh wk Shh T ast “2b 
: ay fer bs * ft ir ’ 
seco) a Ye aa oe 


ei E%) emda kh, ati oar 


aes ahi 


ss ea 


S 1 : 
ay Hoa 
9 C=CH . ms 
[9] Reoas 2 <—_ > a = Sie seis Cc =CH, 
CH, CH, 
H 
H H =~ 
Seen il mS S 
C=C Co WH ae aren | D. ) ———_» p CacR eR iaell 
Ny Liset Fo eS 
H 


Meieecee, | | tls) tS 
em “ > = H 


Scheme [I] 


The occurrence of a hot thiirane-thiol rearrangement in 
this system is,however, highly unlikely, since in chemically 
activated methylthiirane, which has a smaller number of degrees 
of freedom than the C,H_s adducts, this process 1s oF Maes 
minor importance.?? Thus the initial tautomer of 2 (cHye=C=CH,) , 
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at pressures >2 torr, must result from direct insertion into 
the C-H bond of (2-3 his insertions a distinct feature of 
the COS-1,2-C,H, System: the first reported S insertion into 
the methyl-substituted vinylic C-H bond of an acyclic hydro- 
Carbon system. “In fact, 2, the ultimate product of this 
insertion, is only the second alkyl-substituted enethiol 


(l-ene-2-thiol) after propene-2-thiol to be Peportedee on 


a YE 


Syntheses of enethiols having a terminal vinyl group generally 


Meemironty the lene-1-thiol.**'?°- 


The existence of enethiol-thioketone rearrangements, 
Which are analogous to enol-keto tautomerisms, is well doc- 


42 3gek34 


umented. It should be noted that the possibility that 


Peoaouct 2 Can arise from the addition of S("D5) to-any ' 1,3- 


butadiene impurity oH 
Ne 
h Pais (2) ; 
om D.) + H,C=CHCH=CH, +> H,C=CH [18] 


can be ruled out for two reasons: 

(i) The purity of the substrate was checked chromatograph- 
ically shortly before use, and no 1,3-butadiene was detected. 
(ii) The reaction of S atoms with 1,3-butadiene has been 
studied and the only major primary product found was vinyl- 


Bhiiirane : 
S 


TaN 


aD) + H.,C=CHCH=CH, —> H,C=CHCH-CH, 


[19] 


In the present work, no vinylthiirane was observed, even in 


the presence of high CO, pressure (Car 1200" cOlr | « Thus 
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114. 


1,3-butadiene cannot be responsible for the formation of 
product 2. 

The thioketone (cu,=culicn,) formed in step [13b] of 
Scheme [I], has been synthesized by two research groups using 


flash thermolysis techniques. +?>/136 It was reported to be 


extremely unstable, dimerizing at EGO omee and undergoing 


Spontaneous polymerization at room temperature.1?> Neither 
of these groups reported any observation of the tautomeric 
enerhiols. 

The formation of the enethiol (2) in the COS-1,2-C,H¢ 


~ 


system can probably be explained in terms of the experimental 
conditions employed. In the previous investicntionstae taeen 
the thioketone produced was immediately condensed at -/7 K 

and allowed to warm up in the condensed state to a temperature 
at which it either aaneedzede so OE pe lynerizeaese: In the 
present work, the products were formed in the gas phase at 
extremely low concentrations (<107°m) diluted by high 

Pressures of cos. Under these*conditions, thioketone dimer- 
ization or polymerization would occur much less readily than 

in the condensed phase, thus providing a greater opportunity 
for tautomerization to take place. Indeed, it has been shown 
that in the gas phase cH =cHUCH, dimerizes at high precenbecs: 
Furthermore, the higher temperatures ( 2300 K) employed in this 
work might be expected to enhance the rate of tautomerization. 


Additionally, the enethiol-thioketone-enethiol tautomerization 


could have been photochemically induced, since. 1t has been 
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demonstrated that enolizZation of an aliphatic a, 8-unsaturated 

ketone may occur photochemically.t?? 
The ultimate fate of any remaining thioketone in this 

system is uncertain. It could have eventually polymerized in 

the reaction cell, decomposed during transferral or been 

Most On the G.C. column. On the other hand, it may have been 


BaewoL the two unidentified peaks, 6 and 7,seen in the mass 


86 cross-scan (Figure III-1). Bailey and Baegeneen could 


Inlay 


not detect the thioketone by gas chromatography, even when the 


products of the pyrolysis were fed directly into the GC, 
but this may have been because their column was made of cop- 
per tubing. A related sulfur compound, vinylthiol, has been 
demonstrated to be quite reactive with copper surfaces, ~~ and 
the thioketone may behave in a similar manner. 

peeaer has spomntedscutauthat an cases where the taut= 
omerization of a thioketone requires migration of an oa-hydro- 
gen belonging to a methyl group, as in step [13c] of scheme 


(I), the enethiol has not been observed. Since the enethiol 


Can apparently be trapped in chemical reactions, such as the 


ca a Sats Gis 
methylation of tiopmcolone 
5 ig methyla- oe 
(CH) 3CCCH, (CH) ,CC=CH, agent (CH) 3 > 


there is a possibility that the equilibrium lies fanetoe Ene 


thioketone side. However it has been pointed out that this 


observation does not unambiguously prove the real existence of 
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the enethiol. In the case of product 2, conjugation of 


the two C=C bonds in the l-ene-2-thiol form may enhance its 
stability relative to that of the corresponding thioketone, 


S 
CH5=C-CH,, in which the C=C bond is conjugated to the C=s 
SH 


bond. (The initially formed cumulenethiol, CH =C=C-CH 


2 Se 


which has no conjugation, should be even less stable.) The 


overall scheme for the production of 2 therefore would appear 


to be: 
SH S SH 
in a | eke leaps ne SS i 
S ( D5) +CH,CH=C=CH, —— CH,C=C=CH, ==> CH,CCH=CH,=—=CH,=C-CH=CH, 
(2) 
[23] 


The fact that no terminal cumulenethiol product 
(CH, CH=C=CP™) was observed in this work can also be explained 
by a thioketone-enethiol tautomerization process. In the case 
of the terminal vinyl C-H insertion, the initially formed 


thiol could tautomerize to a conjugated thioaldehyde: 
Snel 2c=s [21] 


1,2-butadiene-1-thiol 2-butene-1l-thial 
However, the only simple conjugated thioaldehyde synthesized 


e . 
to date, thioacrolein (CH,=CHCH) , is so unstable that it 


Loe : ; 
decomposes slowly even at 77 K. Tf the tautomerization 


(step [21]) equilibrium is reasonably fast, any terminal 
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cumulenethiol formed may have been lost by rapid reaction, 
most likely polymerization,of the thioaldehyde tautomer. 
(There is also a possibility that the terminal cumulenethiol 
may have been one of the unidentified products, 6 and 7, 
shown in Figure III-1.) 

In the COS -H,C=C=CH, system, the corresponding cumu- 
lenethiol was also not SSSI However, the high methyl- 
enethiirane yield,>90%,obtained under low conversion conditions 


indicates that vinyl C-H insertion can only be of minor im- 


portance in this system. 


The high yields of thiiranes observed in the present 
system indicate that for (Ds) atoms, the thiirane formation 
pathways (steps [9]-[11]) are more important than the insertion 
reactions (steps [12]-[14]). 

PheyS product distributions listed in Table I11-—2 ane 
gGuite different from those for mirenes—- thiiranes comprise 


me902 of the total C,H_S products. As is apparent in Table 


III-ll, the thiirane yield in the S + alkene systems under 


Similar conditions is <70%. These enhanced thiirane yields 


can be explained in part by the presence of two C=C addition 


Sires and fewer C-H insertion sites. However, since product 


recoveries were not quantitative, the lower thiol yields may 


reflect a lower stability of the insertion products in this 


system. 
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TABLE LPt=Pr 


Product Distributions for the COS-Alkene Systems? 


% Distribution 


Vinyl Type Alkenyl Type Thiirane 


Alkene Thiol (s) Thiol(s) 

Ethylene 49 yee Si 
Propylene AN) To 62 
Isobutene 1 32 56 
2-Butenes 0 32 68 
i-—Butene ly 2g D9 
Trimethylethylene 0 42 58 
Tetramethylethylene a5 50 50 
Vinyl Fluoride 32 ore 68 


1,1-Difluoroethylene ome ire 69 
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The increase in thiirane yields with total pressure, as 
shown in Figure III-15 and Table III-3, provides strong evi- 
dence that collisional stabilization of excited precursors, 
probably hot thiiranes, is important at high pressures (eae >> 
150 torr). This pressure enhancing effect cannot be explained 
on the basis of suppression of isomerization to enethiols 
Since, as mentioned above, such effects are of very minor im- 
portance for CHS. The decrease in CH, yield at high pres- 
sures suggests the suppression of fragmentation processes. 
However, the low CH, yield indicates that fragmentation leading 
poe Lormation Of this» product Us of minor amportance.! An 
alternative process which would be suppressed at high pressures 


is fragmentation of the hot thiiranes via a cyclopropanethione 


intermediate, anal ae Peg 32 
t ali 
va pa 22} 
Cal =S —> C3He + CS 


(1) 


The parent cyclopropanethione and methylenethiirane are thought 
to exist in equilibrium at high temperatures, and it has been 


suggested that cyclopropanethione can fragment via CS elim- 


Metion CS may then abstract S from thiiranes yielding 


the corresponding alkene and CS.. Indeed, small amounts of 


CS. were observed in the present system and in the COS-allene 


2 


system. 
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Re high CO, pressures (Table III-4), formation of the 
insertion products 2 and 5 is suppressed and the yields of 
thiiranes 1, 3 and 4 are enhanced, as expected. The large 
increase in the total product yield is a result of pressure 
stabilization and the increase in concentration of S(°P) 
atoms: The greater reactivity of s (7p) atoms with the 
substrate relative to COS (vide supra) increases the thiirane 
yields at the expense of CO formation. 

Of the thiiranes, 1 (2,3-addition) is invariably formed 
in higher yield than 3 + 4 (ip2 addition) f£orsborh s (3p) 
and (eb) additions. This preference may be in part due to 
the electrophilic nature of S atoms: the CH. substituted 
C=C bond is preferred. The intuitive expectation of the 
Sreater nucleophilicity of the 2,3 C=C bond is supported by 


140 
CNDO/S calculations performed on 1,2-CyHe, 


H H 
\.02 0.959 0.970 / 
c=c=C 
ee 3 2 Hoe 
H 
H.C 
which found that the highest 1m electron density is at C3. 
Assuming that the yields of l and 3 + 4 are proportional 


to the rates of 2,3 and 1,2-addition respectively, the select- 


mvt y OL s(>P) for 2,3 and 1,2-additions may be expressed in 


terms of the rate constant ratio: 
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(2, 3/*1,2] Pos (1/3 + lay 


Using the experimental values from Table TII-4: 


3p 
Ky 3/*1 2 Se Ae Ss 
P8200 torr, E=11 min 


Alternatively, the values corrected to zero time give: 


2p 
Ky 3/ky 2 ~ 2.06 
=1200 torr, t=0 


3 
Thus the calculated ratio, (k. 3/ky >) e is approximately 
7 v 


2.1 and shows essentially no time dependence. Using the 

zero time values from Table III-4 and the zero time extra- 
polated thiirane rates at 1200 torr from Figure III-15 reveals 
that the poaece ronan ns selectivity for SiaDe additions in 


the high pressure limit (Appendix C-1) is: 


‘D abe 
Rays/*aya) She 
P=1200) torr, t=0 


Not unexpectedly, s (7p) is somewhat more selective as a con- 
seguence of its lower energy content. 

Similarly, assuming that the observed selectivity (2753 
and 1,2-addition) for s(°P) is pressure independent, the 
corresponding s("D5) selectivity at zero time and a total 


pressure of 250 torr is estimated (Appendix C-1) to be: 
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AB 
Ko 3/*1,2 1.4 
P=250 torr, t=0 


whe sapparent similarity in the Ko 3/*1 2 ratlos, at. 250rand 
mzOo0 torr for S("D) implies that the observed selectivity of 
s("D,) addition is also pressure independent. 

Inspection of the zero time data in Table III-4 reveals 


that the trans/cis C,H,S ratio. for s (3p) addition is 


3 
(cxans (a) 7/eis @). 1672 
ie Pe —1200 torr, t=O 

pie high otrans/cis product. ratio for s (7p) 1, 2—-adGieron eis 
eeePprising Since Cis addition does not appear to feature much 
steric hindrance. However, there is a possibility that the 
eeparent preference for Erans addition is a consequence of 
the relative stabilities of the hot trans and cis adducts. 
Die trans/cis, peoduct .catio Tor S("D5) addition may be 
Calculated (Appendix C-1) using the zero time values from 
Table III-4 and the zero time extrapolated thiirane rates at 


m200 torr from Figure LIlI=15: 


a 
Sr cme Aeete Miele ~1,4 
7 -1) P=1L200 torr, t=0 


3 sdeent 
The much higher trans/cis product ratio for S(~P) addition 
(.6.2) suggests that s(>P) may be significantly more selective 


and less reactive than s("D,) in 1,2-addition. Alternatively, 
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this may reflect a larger difference in Stabiiviev Of stne 
eraplet’ trans ‘and Cis adducts. 

By analogy with the s("D,) + alkene systems, the add- 
mo1On of E1005) to 1,2-C,He most likely follows a single step 
41,46,50,142 


concerted pathway, <3 


2,3-addn. 


1 
S(D,) + CH,CH=C=CH, —S+--=S'+_. Came [9] 


For s (7p) addition, two possible transition states may 
be considered. One is the ring distorted triplet state thiirane, 
Havang a high rotational barrier (v23 kcal Ole uany analogous 
to that formed in the S(°P)-alkene systems “(vide supra) e.g. 


3 


H 
eis, .,2-acdns Hee S 
S(°P) + C1) OREO) 4 iar aera ere > Soleo 
/ DS 
H H 
trans 1,2-addn. H eS 13 
See! SN a Ne 
s— C=C CL 
HC” H 


Scheme [II] 


On the other hand, the presence of an unsaturated sub- 


stituent might lower the rotational barrier predicted for the 


-1,51 
parent. thiirane:» (123 kcal mole.) and a freely rotating 


eciplLet.biradicals~might»be generated, e.g. 
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: 3 3 
S trans H 7 y 
S(~P) + CH,CH=C=CH, ————+] ~cxc-¢H Non 
=CfCH 
: o'1,2-addn. | ac” 2 caasaat Pex aie 
3 3 
a b 
3 3 
cis H i 
ETT P=G-CHe aka CH. 
52-adqan. HC S AF H3 c 
Cc d 


If orientation of S attack is the major influence on 
ene high trans/cis 1,2-edduct ratio, then biradicals b and da 
can be ruled out as intermediates since ring closure would 
Bead tOvacestumixture of ‘cis and trans isomers. However, 
Similar to the ring distorted thiirane (scheme [I1-]),biradicals 
a and c would evolve to the trans and cis adducts, respect- 
ively, and cis S attack may be somewhat hindered by the CH, 
group, resulting in a high trans/cis adduct ratio. Thus an 
explanation of the observed high trans/cis ratio based on 
orientation of attack does not serve to distinguish between 


the ring distorted thiiranes and biradicals a and c as inter- 


mediates. 
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Nonetheless, the entropies of activation for the s(>p) 
1,2 and 2,3-additions are similar to those of the s (7p) + 
alkene reactions (vide infra), suggesting that similar tran- 
ererOonestatesseare) involved. Thus, by analogy with the latter 


systems, the intermediates involved in the s (3p) tl 2G 


& 


reaction most likely resemble a ring distorted thiirane as 


6 


shown in scheme II. 


Unlike Sie), 0 (7p) reacts with 1,2-C, He to yield mainly 
CO and propylene, with only small amounts of O-containing 
products being Gbeeeved. 5. The high CO and propylene yields 


Bre thought to result from decomposition of an excited cyclo- 


propanone fe arden ed ee 
0 Ti 
es! 
o(p) + CHCH=C=CH., —_——P CH,CH=C-CH, 1CEC. 
Te 
i 
/\ 
H,CCH-CH, 
COe+ 76. H P23] 
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Although an allene oxide may exist as a transient species, 
any which is formed would be expected to isomerize to the more 


HOS 7123 


stable cyclopropanone. The parent cyclopropanone is 


-1 : 
~23 kcal mole lower in energy than allene Cxadevae ares 


but polymerizes rapidly at room Penperatumees .- On the other 
hand, calculations based on bond energies predict the corres- 
ponding cyclopropanethione to be 7 kcal eile less stable than 


128,143 This Gifference! in the orcersor 


methylenethiirane. 
stability is probably due to the higher bond energy of a C=O 
pond, L772 kcal nOlSuE, as compared to that of a C=S bond 

en29 keal roles. Therefore, a cyclopropanethione inter- 
mediate is not likely to be as important in the s(?p) + ee — 
C,H, reaction. Assuming that the distribution of carbonyl 
products in the 0 (7p) + 1,2-butadiene reaction corresponds to 
the relative orientations of 0 (PP) addition, 0 (°P) adds to the 
allenic carbons in the order: Co? Ci? C3 ( aM Pra ghee) 
Byrssorden Of affinity for C atom attack implies some pref— 
erence of 0 (7p) for shewls2 €-C. bond and is in contrase co 

the marked preference of the s(°P) atom for 2,3-addition. The 
preference of attack for 0 (3p) then depends strongly on the 
Stability sot ytherresulting *biradical. 

CHeAryeation recently studied the additions of a series 
of aryl carbenes to (CH3) ,C=C=CH, and observed that singlet 
Carbenes, [R,R,C#]y add preferentially to the 2, oC=C4bond, 
whereas the triplet carbenes, isyeal reacted to give pro- 


ducts corresponding to 1,2-addition. It was Poe eae 
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3 
Rew a Ge == 
[ l 5 Evie (CH) 5C C CH, 


me 3 3 
Henan. CRR 
ie 2 
(CH) ,Cc=cH, OR (CH3) .C=C4-CH, 
3 
rib 
Cc 
EX 
eves us 
es 
1 
ee 
: 
Haeee CH, 
Paes: [24] 
(on) ea, 


The initially formed triplet adducts then undergo a 90° 
internal rotation to form a more stable triplet allyl bi- 
radical. The allyl biradical then undergoes intersystem cross- 
ing to the singlet state, which leads to the 1,2-addition 


product: ivaa-iring «closure. 
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Recent kinetic measurements on the reactions of C3 (:C= 
C=C:) with a series of allenes indicate that although the ‘rate 


of reaction is slow (k mLodna ion Mite EayMae increases with 


increasing alkyl substitution on the allenic carbonsbe a. 
Based on the observed trend in rate constants, it was postu- 


lated that C. adds electrophilically to one of the allenic 


powas tO rorm cyclic intermediates: 
aR 


[25] 


However, no other evidence supporting the proposed inter- 
mediate was obtained. 

The reactions of monoradicals with allene have also 
been studied. The reaction of OH with allene has been invest- 


147,148 


igated by a number of groups. The trend in rate para- 


meters for OH + dienes follows similar trends as in the cases 
of 0 (°P) and s(°P) (videwantra). > This. implies ‘that Ongal se 
adds electrophilically to dienes. Molecular beam mass spec- 


tral studies indicate that the primary step involves the for- 


148 
mation of an OH piace More recent work has shown 


that abstraction also takes place,but to a very small extent 


(< 12%). Unfortunately, for the addition reaction, no infor- 


mation is available regarding the preferred site of attack. 


Wier. 


Ethylthiyl radical (C5HeS) addition to a series of allenes 


has been Beudied) *2- and the observed product distributions for 
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the 1,2-butadiene reaction follow a trend similar to that 
£Or 0(°P) addition (C5>C >C,). This productvdistri putciuon 
trend is most easily rationalized in terms of the steric 
hindrance of the CH, group and polar effects in stabilizing 
the radicals involved.?>? 

Some reactions of atoms and radicals with allenes are 
Suumarized in Table III=-12. It is apparent that those singlet 
species such as SDS) and enRecele , which are expected to 
form cyclic intermediates, prefer addition to the substituted 
C=C bond. With the exception of eV Gres the other atomic and 
radical species listed preferentially add to the unsubstituted 
C=C bond via acyclic intermediates. These observations also 


Support the postulate that the intermediate for s (3p) addition 


ro 1,2-C,H, is a ring distorted thiirane. 


Although 1,2-C,H¢ possesses two double bonds, the rate 
of reaction with s (7p) at room temperature, as shown in 
Table III-5, is slower than that with the reference alkene, 


1-C Hg. When the relative Arrhenius parameters obtained 
from the competitive studies with 1-C,H. (Ay 250 He! ak-C He = 


-l 
- ad = —W¥,17+0.03 kcal moles) ware 
Bolt O 26: F1-C,H, Ey /2=c,He 


Calculated on an absolute scale, the following parameters 


are obtained: 


rw = 


~e72e Ons cs) 


rs saneiilé daiw aleve Bhese/ to Paces 


ia g6d3 “Fai coRe 2 Fe ae 
. opp) IEE aT be: | e"?rbe eis bs eo) 2% 


UT 62edi ) Std of. SBS Vise toa aces podeud 


pale’ Sn (chet sasrt | 7. pitstae! sey heb io 
g thy - vt ; : 


a oe parosaaese, SUF Jets Se aaa § 
serg brit, ‘Rastesesh srl 


U 
y 


’ , 

ies <uta «ebro you 3 sshatome de it 

22 mwode Ze adds sexetonOs ae + fn, 
Tai Ae | 9 

gristfa suasiste1 one Ate aioe e { 


em 4 
Beacadds. a2s4s mp tey anata ey pees 


= 
bed 


"5 

‘~7 - rs Es He aew eit 
gaye yet 

esa (*. sion tert GO .o Siete es ) 

Vite 7 ae’ 


are oa? 


on 


(UOT Tppe-z’T) 


PSU 


5 ‘ g Cre 
d}a HI=9-9°(°H9) 
Sar Peas e5 alee CHo=0=HO* HO St 
Hey ae 
; \o 9s): Z Z 
9PT == Cun HO=0=~HO >9=D=): 
aE TENT ES 
HHI CHI) egaae 26 
re | } ae HI=9-Je(7Ha) ia : mae 
SPT UOTQIppe-z ‘a y tude Fel : HO=9=9 (HD) ele ad ud 
€ e : 
€49=9-H9°(£u9) 
StvT uOoTATppe-E€'Z 4 Su lady/ “H9=0=0 (HD) Me ood a) 
€0T  (uoT3Tppe-z‘T) “HA H9O"H , ; 
f5<15 605 i Se | “ig gev09"| CHO=0=HO" HO (d,)0 
e £ if 
<E : raya © (4i9=9—H90FH : : 
ue. : sae HO=0=HO~ HO (d.)s 
ase" [ Sug=aeyaeH ; : : 
YIOM STYW uOTITppe—¢E “7 ; a! HO=0=HO HO ( d,)s 
c c 
HIJ=2-——9"H 
ee) 9 A % | CHo=0=¢HO (do)s 
“H9=0-9°H : : 
€9 -- \y HO=0="HO (Gas 
\ i 


uOoOT ITPpY Jo 
SouUeATSFSYyY OATS perAAOjJorg FOnppw Aazeuradg SUeTTW qUuebesy 


ee a age De Se Ree te See 


“SoueTTW TeutwzeL YIM SuOoTJOeVSYy TeoTpey pue woqy 


€¢1l-i1it @I1dqdVv. 


ei ba 


taR 


be eo 
= 

i : 
= rat 
- vy 
7 = t os 
; = 
ie > 
‘ ! & 
5 ' ti 
‘< ! 
"7 


i ) 
is 
-> 
a 
<< s 
ete — 
' — ~ 
n 4 (eng ae 
‘ 4 if a rt. 
7 La .4 
yet ~— ih he 
a4 7 i 
oe 
; 1 
j 4 
é — wT 
_ 7 at 
| ~ i 
re eee 
. = 7} Gs. 
oe OR oe * 
i th 
i 
re 
| A 
2 
! r 


‘Bel 
. 


=¢ 
=1 
: xt oe ee fe 
ints Gs Ins (cag? PGaGaCh i 


Ch 3 


ty p 
ts 


fiz Gs 
a 


=C 


eat |e 


G 


ox 


tcu* 


: eel 
Pee poste 8775 0.38) \x10;hamahs opeahd 


46 


bs -1 
Biga-eines?+>8 t.0.10.kcal mole 


if the absolute rate parameters for the s (7p) tol Ce 


48 
reaction determined by Klemm and Davis>* are used. However, 
the values measured by Van Pocdeeiaan « lead to: 

A (Cece) xe 10 Museum 
1,2-C,H : 
4°°6 
E = 81 SSSNFA0E2 Ok ea) mole= 
1,2-C,He : iat 


Klemm and aera measured rate parameters for a number 
of s(°P) + alkene reactions using the flash photolysis- 
resonance fluorescence method, whereas Van Rode alae 
employed the flash photolysis-kinetic absorption technique. 
In general, the E,'S measured by these two methods are in 
excellent agreement, but the A factors determined by Van 
Roodselaar”> are consistently about a factor of 2 to 4 higher 
than those reported by Klemm and Daves: ab Since the reason 
for these discrepancies is not clear, average values will 
be taken to obtain the absolute rate parameters for S(>P) + 


1,2-c which gives: 
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This corresponds to a room temperature rate constant, 
K599 7S 20). x 10" Ve ees Since the two C=C bonds represent 
two distinct non-equivalent reaction sites (1,2 and 2,3- 
addition sites), these observed rate parameters are apparent 
values only. However the rate parameters for the two indiv- 
idual sites can be determined, as will be shown later. 

The apparent Arrhenius parameters for the s (7p) + 1,2- 
CAH, reactions are compared to those for 0 (7p) and OH (711) 
meactions in Table jIPE-13. The A factor for this reaction 
is somewhat larger than those in the s(>p) + alkene systems. 
This is partly a consequence of the presence of the second 


(orthogonal) C=C bond. A parallel trend is observed in the 


oxygen systems, where the A factor for the parent allene re- 


Aeeion 1S approximately twice that for alkenesa The inerease 


inea factor on going from a conjugated to a cumulated diene 
may be a consequence of the change from a linear reactant 
molecule to a bent activated complex on addition of an S 


atom in the latter system. 
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=e 2) ao A~é 
CH.,CH=C=CH ee Sol 
reeks ome ea B3G°3 Sy 
“Linear "bent" 


It is apparent from the structure of the :sransition stace 


that the addition of § results in a large increase in moment 


Off inertia About the C4-C. axis. Consequently, there is a 


Substantial rotational contribution to the entropy OL aciiv= 
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ation (As*) and a correspondingly high A factor is observed. 
eeeche’other hand; in conjugated Systems such as 1,3-buta- 
diene, the reactant molecule possesses a bent structure having 
parallel 7 bonds, and addition of S has an insignificant 


effect on the moment of inertia about the C,-C, axis: 


$ 


Thus the entropy of activation and A factor are relatively 
small. 

A similar explanation has been invoked to account for 
the relatively high A factor for the alkyne addition reactions 
as compared to those of Pienees re For example, the rot- 
Beronal contribution: to ast in the s (7p) + CoH, system is 3.3 
times higher than in the corresponding C,H, case. 

The possibility that the Parger A-factor ‘for: b,2 [eas 
compared to 1,3-butadiene is a consequence of a difference 
in the transition states (a freely rotating biradical rather 


than a ring distorted activated complex as suggested fOvmaen 3 = 


: + 3 
C,H) is unlikely. The difference in AS° for the S("P) + 


# ¥ 
ute anid 1,3-C,H, is only l e.u. Mere oipity S212), Wye Mre, 
As* 223 ec undicating thatthe transition 


States are Similar. 
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The room temperature rate constant measured in this 
. : : 
Work for. the.S(~P) + 1,2-C,H, reaction is approximately twice 


that for the corresponding reaction of O(?P). This obser- 


vation is consistent with the relative rate constants Of s (3p) 


3 ; : 
to O('P) in reaction with other substrates (Table LID=-13), 
and the higher reactivity of s (7p) atoms iS a consequence of 
the lower activation energies associated with the addition 


reactions. 


For the OH reactions, the room temperature rate constants 


also follow a trend similar to that observed for S(ory? The 
rate constants are generally greater, due to the negative 


activation energies for the OH reactions. If abstraction 


14 
actually occurs, as suggested by Hoyermann and co-workers, : 


the activation energies for addition will be even more neg- 


eerve than those 11Stedq in Tabte ITI-I3: “As’*in the case of 


Eto), the E. for the OH reactionseis highest for the parent 


allene. The A factors are much smaller than those for the 


corresponding s (3p) reactions and show no definite trend. 


3 
Despite the larger A factor as compared to the S("P) 


a 1,3-C,He reaction, the s (>P) + 1,2-C,H¢ reaction proceeds 


at a slower rate. This can be attributed to the higher act- 


ul 


=] = 
ivation energy (11.5 kcal mole versus -0.4 kcal mole ) 


for the latter reaction. Similarly, in the oxygen systems, 


the 0 (7p) + CH =C=CH, reaction is much slower than the cor- 


responding 1,3-C,H¢ reaction (Table III-13) “due to 
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The lower activation energies observed for the conjugated 
diene reactions may be ascribed to delocalization of the 7 


electrons. 
delocalized mt bonds 


This renders the 7 orbitals more polarizable than those in 
non-conjugated systems, resulting in a lower energy require- 
ment for the tm complex formation in electrophilic reactions. 
In cumulated dienes, on the other hand, delocalization of the 
7m electrons is absent due to the orthogonality of the two 
bonds. Additionally, hyperconjugation (o-1 overlap) between 


the coplanar C-H and 7 bonds in 1,2-butadiene imparts partial 


130 
triple bond character to the C=C bonds, e.g.: 
H H 
ea - 
hee —— etc. 
ar rr orn yaa Chae 
H3C HC 


This phenomenon raises the energy barrier for 7 complex 


formation relative to that for the conjugated and isolated 


systems. 


3 
ASDLOLc OL E, versus jonization potential for S("P) + 


alkenes, alkynes, and dienes is given in Figure TII-18. It 


3 Mu 
is apparent that the E, for the S(~P) + 1,2-C,H, reaction 


7 Wee 


© or? 


-202 ag hel bat salle eit “¢ -,fenene I 


+ ce Le ih ta 
a, vOl-1 ET extn é 


nossnest Rte 


/ a 7 
arc: oSéssixplog 2a diandto © ane 


ans ewe! Mu. ds yonee! tee; ,ams7age 
:) A ; 
Liddeitestoas AP ppiteriot xaiquoe. 9 


Lcehtnyedl gir isfy oo avs seoee af 
cab) noMpapiit sens oe i 
i arethes ade £. we signs : One: Ske 
St ee mae Oa! edt act sets 


+; 
Mu » ie 
oR 


wae 


oN aie , 
ie (ae 


{ 


Ve 


theses 


3 
2 
O(P)+H,C=C=CH, V 
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FIGURE IJ1-18: Plots of ES versus ionization potential for the 


s(3p) + alkenes, alkynes and dienes systems, and 


0(3p) + alkenes ( ---- ). 
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lies above the correlation line for the s (3p) + alkene systems. 
A smaller deviation in Be is also seen for the conjugated 


diene, 1,3-C,He. Simibkarly,».the ES for the 0 (7p) + CH= 


2 
C=CH, reaction 1?071,105 svat least 0.5 kcal mole + above the 
correlation line for the 0 (3p) + alkene reactions given by 
eragte et sie Furthermore, although only two substrates 
have been examined, the E,~lonization potential correlation 
for the s (7p) + alkyne neneom appears to be significant- 
meaitferent from that of the corresponding alkene reactions. 
Hence, it is likely that the activation energies for the s (7p) 
+ allene reactions in general lie on a line different from 
that of the alkenes. 
iiceerelatrive rates Of t,2 anda 2, s(>p) addition have 


been estimated from the isomeric thiirane yields (Table III- 
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In principle, k, 3 and Ky 2 can have a different temp-— 
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erature dependence. However, the ratios, 1/ (3 + 4), calcu- 


Mere ager om the Gata in Table TII-5 - I11-? and Ivstedgin 


Table III-14, are constant over the temperature range studied. 


Thus, both the 1,2 and 2,3-additions feature equal activation 
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TABLE III-14 


Effect of Temperature on the Yields of Zo 


ena 2 at pyendas tien Products.° 
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Temperature Product Yields (umole) 1/ (3+4)= ky 3/ky 2 
(°K) i 344 , ’ 
—_—_TT He? 

300 0.488 0.239 2205 

BS 0.548 0.244 2.24 

363 07562 Oe2 81 2200 

Bo 3 0.620 O3305 2303 

423 0.649 22/67 243 
a 


Values at each temperature are sum of four competitive runs 
where P(COS) = 100 torr, P(CO,) 1250 EOrTr., P(1-C,H,)70 EOrG 


and P(1,2-C Hy) = 15-40 torr for each temperature; R?2. = 


4 CO 


yee 
Oss de OF 38 45510 .4 14 07 432uand)).502—pmoles min for 
Penperature si = 13 00;. 3683743630 393. and, 4234°K,crespectively, 
and the corresponding exposure times are 500, 470, 435, 410 


and 350 sec. 
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; -l 
energies (1.5 kcal mole ~) and the difference between the 
two rate constants is due to the difference in the A factors. 
Since (k., 3/%1 >) v 2.1, the Arrhenius expressions for the 
y y 


mwo additions are: 


un Wy | oe 
19 = (1.4120.38) x 107° exp[- (14552225) rt] mts) [27] 
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2.3 (29620730) 2x 020 exp [- (14554225) /RT] M oa es 
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MhesAwtactors calculated for the two addition reactions 


correspond to entropies of activation, 


= =-24.4 e.u. 


l2 


=~22:.9 eu. 


3 
miewvalues are similar to those for the S('P) + alkene 


reactions, e.g. Ast for 1-C, g = 725.4 e.u., reftlectingea 


Similarity in the transition states for both systems. 
Tice rand 1,2 C=C: bonds of 1,2-C,H¢ share structural 
Similarities with CH,CH=CH, and CH5=CH,, respectively. The 


average of the room temperature rate constants obtained by 
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Surprisingly, the room temperature rate constants for addition 


to the allenic bonds (k, 3 Spee Ol ok Mr ky oe 1S eee Sore TO aoa 
v , 


are within a factor of 2 of those for the corresponding alkenes. 
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CHAPTER IV 


REACTIONS OF SULFUR ATOMS WITH ACYCLIC AND 


CYCLIC THIOETHERS 


A. Results 


a 


me 6S‘ Dos 3p) + Dimethylsulfide - An Acyclic Thioether 


(a) UV absorption of dimethysulfide 


Dimethylsulfide absorbs significantly in the spectral 
region used for COS photolysis (A= 240-260 nm). Indeed, blank 
experiments with CH,SCH, indicated that a small amount of 
decomposition into CH,SSCH,, CoH, and CH) takes place. For 
CH,SCH, and COS, the room temperature extinction coefficients 
ptee240unm ares9o3 and 33¢8-1 mole “tcmni -y respectively, and at 
eoeannm,<theyware Sx6eand 13.601 NoLeBACHE Thus v£0r) asces/ 
CH,SCH, ratio, offi 1l0/geapproximately-973 ofathesancident 
radiation is absorbed by COS at these wavelengths. 


(b) Reaction Products 


Photolysis of COS in the presence of CH,SCH, led to the 
formation of CH,SSCH, as the major condensable product along 


with small quantities of CoH, and CH,- At long exposure times 


trace amounts of CHSH were detected but could not be measured 


quantitatively, owing to incomplete separation from COS by 
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GC or distillation. All products were identified by mass 
spectral analysis and by comparison of their GC retention 
times with those of authentic samples. C-H insertion products 
and heavier molecular weight S compounds such as CH,5,CH, 
and CH35,CH, were demonstrably absent. 

Product recoveries were low, averaging between 20 and 
pee (Table IV=1)/ in terms of the total amount.of-sulitunm atoms 
reacting with CH,SCH,. In order to ascertain whether this 
meoduct loss could be “accounted for in»terms ‘of involatile 


polymer, two sets of high conversion experiments were performed 


fommiexcures COnsisting of 300 torr COS and 30 torr CH,SCH,. 
i) Oxidation Experiments 


After a 30 minute photolysis, which corresponded to a 
S product loss of 9.8 umoles, the cell was evacuated, filled 
with ~ 200 umole oxygen, and subjected to microwave discharge 
for two hours. The condensable products, analyzed by GC, 
consisted solely of SO, (3 umoles). Blank experiments with 


however, showed that CO, could be recovered 


CH.SCH, and 0 > 


3 3 y, 
quantitatively but SO. recoveries were poor, probably due to 
reaction with HO, one of the other oxidation products. There- 


fore, these results indicate that the cell residues contained 


eeput noe C. 


he eet 2S | 


- icm@ ya Cs : 


im hiicr Lae? 


eee ie ht 
3 es foe ehovoumee € un, ae es tysetont | 
7 , 
+; 26aih yids? Jeanotah tow £9) 
Oe asgvesocd Trine ove, aes Stee 24 [teavooeg ve 
on 


, J 
apron boxe Gtis la: feetoin’ Ea ) pene. wnt 


DS SoV 


> +269 DE Riel edo ens Oc’ ‘te aha: 


| i j | 
. SSD ALT TES Fara ans to-sne!, 


jantetaog. gauhbeas Liao ate aad? aeaer 


mnia i Leas ae) 7) gore? a% (LVI 4 

/ i 
44 a4 4334926 cid pss se ert ¢ PD { ay 
nd 2 Spey AD ewe Ho lhnuere St pow we o 


» 
Aj hon (Saxeuibierainio doit a eee 


Oy 2s tI? oi. «eH 


1). 
S4iruyats Shh Siay S63) «eboney i) To 


cy sV¥aveIo.lit 2 a fyStaliis: is Loamuiie: okeme 
if 
ya bss Ylecr ‘=2* bites sidead>pnng athe . ¢ 


if 


s753y ao bLCD 


oD Pe saworle barovaend 

S 3 ie 
e . ar 77,) (,/ Pipe. 

#ifedota” Young sioy aes 08: Bue tovise 


144, 


"A409 500€ = (SOD) d 1203 To eTown TTL°Q pue 2203 0OT= (SOD)d 


ZOF | _uTW SeTour gg-Q = O2a azaym (09-.00)4/(9H?D + VHD + EXOSSEHD)U = Azan090y So 


a ee ee ee ee eee eee 


CT Tey 0 SS TO Goer. 8°0Z O0€ O€ GP 
rT OLS eee Ce ar fie os O0€ O€ is 
8T Ole 20 B10 60°T Pe O0€ O€ O€ 
6T Trt -O@ 08020 878 °0 Zao OO0€ O€ ZZ 
02 GE0=0 ThLORO 0570 SOF 00€ 0€ Gr 
8T LE0°O 0F0°O 68£°0 LS°? O0€ O€ OT 
Ge OT0°O ¥20°0 60C20 Cia O0€ O€ S 
8T 0 =900%0 790°0 Z89°0 O0€ O€ Ga 
fhe fe 0 TOTO Tie Geel OOT OT O€ 
T€ Gri 10, “ACG Om 859°0 76°S OOT OT ot 
62 G90°0 =890°0 ZT v0 06% OOT OT OT 
GZ 92070, =GeomO GOLO 86°T OOT OT S 
ae Gold: ae ES 0 isn Ceey OOT G O€ 
te 960 50 269080 €69°0 igen OOT G Gi 
PZ vE0°O 8 Lbv0°O LEO v0°? OOT S OT 
LZ G00 7020 BOT 20 S0ic 0OT S S 
a a eee en ee a wn ee, ee we eee ee 
VHD 9H°p)~— EOss€HD (oe) soo) 0 Eos EHO ( *UTUI) 
pAABAODDY ¥ (SetToun) sjZoOnporag (4103) eanssairg ouT L 


an Se Se Se a A 


we3shs fyostyo-soo auq ut SPTOTA FONpoAd ay} uo sUTL sansodxgq Jo 30a554 


T-AI dTav 


-) ne 
© 


=e a" 


vy “ele? 


1 one Me MTS 


= oe 
*) 


we) Ph 


wT 


fv. Bre- We%- 


ys vongit® #* 
Cal= Metis 


145, 


a1) Spectroscopic Analysis 


High conversion runs corresponding to an § product loss 
of approximately 19-31 umoles were carried out. Following 
each experiment, the cell was evacuated, cut Off, andseub= 


jected to three 1 ml rinsings with CHCl The solvent was 


3° 
evaporated from the combined washings, and the yellowish dry 
solid was redissolved in CDC1l,. No proton NMR (200 MHz) 
Signal from this solution could be detected, even though the 
minimum detection limit for a single resonance under the con- 
ditions used was <0.1 umole. Finally, the photolysis was 
repeated uSing a mixture consisting of COS/CH,SCH,/CO, = 300/ 
Be/71300, in which mainly s(>p) atoms were produced ( >90$%). 
NMR samples prepared as above gave no signal. A sample ob- 
tained by subsequent rinsings of the cell with CCl, was also 
NMR inactive. These observations indicate the absence of 
H-containing compounds. 

For each NMR sample, the solvent was evaporated and the 
solid residue was subjected to direct probe MS analysis. The 
mass spectra obtained were very simple and consisted of peaks 
at multiples of 32 up to 256, indicating the presence of 
elemental sulfur only. 

Results from the above oxidation and spectroscopic exper- 
iments thus demonstrate the absence of hydrocarbons in the 
cell residue, and indicate that the mass imbalance in the S + 
e formation of elemental sulfur. 


CH,SCH, system is due to th 
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(c) Effects of Exposure Time, Total Pressure, and Added CO. 


and NO on Product Yields 


The variations in the product yields with time are listed 


Breeaole IV-l. The yield of the major product, CH,SSCH,, 


little variation when the COS/CH,SCH, ratio decreases from 


shows 


POcbacOo 10:1. CH, comprises an increasingly larger fraction 

of the total yield at longer exposure times. The temporal 
behaviour of the product yields from the photolysis of 300 torr 
COS in the presence of 30 torr CHSCH, is illustrated in 

Figure IV-1 and the variations in the rates (per umole CO) are 
shown in Figure IV-2. The increasing rate of CH, formation 
with increasing conversion clearly indicates that it is a 
Pecencary product. The rates of CH3SSCH., and CoH, decrease 


Sirontiy to apparently constant values at longer exposure 


times. 
The effects of total pressure on the product yields are 
listed in Table IV-2 and the rates are illustrated in Figure 


IV-3. At low pressures, the CH,SSCH., rate is relatively high 


but appears to decrease to a constant Limiting, Value. n eat 


high pressures, CoH, and CH, exhibit similar behaviour. 


The effects of added co, and NO are listed. in Table Vlv—3. 


Increasing pressures of co, resulted in a marked decrease in 


the yields of CH,SSCH, and CH, and a smaller but still quite 


significant decrease in that of C,H¢- 
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FIGURE IV-1: Product vields as a function of CO yield in the 


COS - CHSCH. system. 
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FIGURE IV-2: Rates of product formation versus CO yield in the 


COS - CHASCH, system. 
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FIGURE IV-3: 
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CH,SSCH, 


100 200 300 400 


Total Pressure, torr (COS/CH3SCH3 = 10) 


Rates of product formation versus total pressure in the 


COS - CH.,SCH. system. Rate(CH, SSCiia) ie 0.151 umole/ 


S38 5 
umole CO; Rate(CoHe) ,- Loe rate (CH, iF 0.024 umole/ 


umole CO. 
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PAagtt lon Ge ees torr NO (Table IV-3)las a radical sca- 
venger completely suppressed the yields of CH, and CoHe, 
while a small portion of CH3SSCH., appears to be unscavenge- 


able. 


(d) Relative Rate Parameters 


3 


In order to determine the rate parameters of the S(~P) 


= CH,SCH,, reaction, competitive experiments were performed 
as outlined in Chapter III. Propylene was chosen as the 
reference substrate since it can be co-distilled with COs 
from the substrate-product mixture. Competitive studies were 


carried out on mixtures of COS /C 3H, /CO, =100 66/1300 in the 


Peesence Of 0-10 torr of CH3SCH3. Due to the low recovery 


of CH.SSCH.,the relative rates were measured by monitoring the 


3 on 
decrease in methylthiirane (CHS) yields ((A -A) /A, cf. egn. 


fri-(4]) . The suppression, of.the CHS yields as a function 
of various concentrations of CH,SCH, at five different temp- 
eratures is shown in Tables IV-4 through IV-8, and the plots 
of (A,-A)/A versus [CH,SCH,]/[C3H,_] are shown in Figure IV-4. 
Heels apparent that the pilots are linear for [ CH,SCH,]/[C,H¢] 
< 0.11 but begin to curve down at higher ratios. Slopes and 


intercepts obtained by least squares analysis) On the an? tear 


linear portions of these plots with double weighting of the 


origin are listed in Table IV-9. The slopes are plotted in 


the Arrhenius form in Figure IV-5. 


The weighted least squares 


doy. 


-e5e [esther a es (6-72 


. Hea Ses Ne TO Zi Ae . a ‘ — _ 


Lb 


/ ar 
t-\6 ats So euosendaae eee’! ate pntaeseb. of 


earcotys (row S2q Mig eyes Sri hla +meat | 
= (maces, a0 génelieew Pit soIqed? nb 
tw Su APSde brow ad disp 24 Sarthe Sanee 
Stay" 25,0754 sy Ee hnditeo ae Sit, 990% BT 
Sisrart ONES eM onthe uf pHa a0 ts eae 
yaovase7 wol sda leas tne me. aed ied ee es eg 
a> nibicarcdones 4 wis ee deigace itso eee 
. as Te ; ri 

apts ON aif es ea =i soi ba Gao. 
ip ar: tb cha = | 


hy ia 
Ames be. get che aed uN, bya 


Oday? eRe ie ate a 


420f6 sft fets pee 
0-Vt. ot: olt att + tS 


“4 
faite dIN igmoegNTg av a 


bas eede ls ols ell H 


ey to paldriptet ‘ong 
RE Bajsoly ee = 4 a wii 


; Th y a 


a , 
i ¥ 


HS) 


*EHos€HD Jo souasead ayy ut 00/s9Hfo = v 
"¢L9°0 = *HOStHD Jo aouasqe 943 ut 00/s9HED = Cw, 
*uoT}zeTdep AOF pazoaeAIOD ussq saeY sanTea (Que ova, 
*uUTW FT = OWT} eaANnsodxs ‘> _uTu 


OO. 
ou 


seToun 7ge°o = ‘4209 T8ZT = (£0D)d 42203 ¢*99 = (9H€D)a 42203 DOT = (S0D)dy 


9°0€ vd VET" car 0™ Scr~0 = osc SvT' 19°6 

0°9€ VS°Z 16n” 9670"  SESeoO mez 90L°0 L9°Y 

g°9€ orZ core ZvVO* 06S°O0 88°z VZ90° vd 

G*°9E Z6°T nee 09€0° O0L9°0 06°2 LZS0° 6v'€ 

T°9€ epee piic* Lye oS 0 SBI 8I70° li bere 

~ - S19" 0 86°T €6°2 0 0 
(ufo) “w-Ow jv" s9H€5 (seToun) sqonpoag q(*Hos*Ho] (fHostuo)d 


a ee a a 


ed oo€ 3e oTaeH [9H€D]/[fHOSeHD] e4ya Jo uoTJOUN, © se spTeTA JONporg 


V-AI dATEdVh 


7 


ieee tt 


- 
tat 


- a = ceeta\co T ‘Fits hroeves a 


ae = SPR S\CO ter FP sPEGSH..o% Suze = 


7 is 


7a TEOTH S 


BOctsoesq ; 


Spe 
=. 


yn 


wee 


154. 


*EnostHo Jo souasaad ayy ut 09/s9HfD = wv 


°z799°0 = tHOstHo jo aoduaesqe ayi ut 00/Ss2HfD = oy 


“uoTIeTdaep AOF psazde7709 useq aaey santea (PHooNde 


“uTW €T = SWTQR sansodxsa ‘7 _uTu 
seToun g€7°O = [Sy 42203 G6z1 = (COD)d ‘4103 Z2°69.= (9H'd)ay/ 4102 OT = (S09) dp 
ee SS ee Te eee VE eke See 
alte re¢ ZST° TSh0° env T's ay 66°L 
0°62 06°Z Ore: 6690° @ace Ite OOT* 6b°9 
ete Spe €61° SLV0° Oo” -GE"¢ 8LL0° G0" ¢ 
ae 9S°T 8SZ° Ovz0° 9ne* g9E°¢ €940° I0°€ 
- ~ Z99°0 - que one 0 0 
ra ee 
[(Hostuo] wv v 09 fnosstHo «= s 9D” [9H€)] 
Pao wow  swoe onto (soToun) sqyonpozd qt *Hos* HO] (fnos€uo)a 


Sa me en et 


ei o€€ ae oTzea [(7H'D]/[fHOStHO] ayy Jo uoTIOUN| © se spTeTA yoNpoag 


G-AI dIdv. 


——) Zz 
ae Se nates eee Ba 
| i CL = sheds; - 
Hbitatqes st WSao oa Tie nerd anu eau ee Aigner? 

HSB 1 spdenge La eb BONE gRED > a 


€ — 


Ra a le ashedewy aft mt SOONG gReD = 4 


ee eee ee 


3 OES 4s 


r Ye “or 
esfon) trr.o aed. ees 
22 7 ” Qo : » 


Mas pe, 


*tHostuo Jo aouasaad ayy ut o0/s9HfD = v 

*squoultTiadxa juanbasgns 
oma 94} 103 ATOATOadseA ¢gg°0 pue 7G9°0 = *HOSEHD Jo souasqe ayy ut 00/s9HED = CW, 
"uoT{eTdep AOJ paydaea1709 ussq saaey santea (AROS) oe 

‘uTW S*TT = eUTR 

oansodxe hae SerToun ¢€/7-o0 = oF PIAA =00CL =e COoNe ‘(SsqusuTisdxs Juaenbssqns) 


7103 6°S9 pue (SyUueWTiedxe aATy 3saT¥) 42203 €°99 = (9H€D)a 42203 QOT = (S0D)dp 


ee 


€°CL ec € 6el” GuFIe Obes yale 19°6 
€° HZ Gee7 WWE ORs Pe SE Dak Zod 
We he cies vst 850° ages 005 TE60- 8t°9 
OgiZ 60°T Te Te 610° 086° ITE €0v0° 69° 
- - aco. - Core write - ~ 
Pree [cock aor: 060° Sor. aevicce sae 00°6 
ON ZO°Z 91Z° 7S0° SYNC E = ae oes Teco. 68°h 
OSC et 8bZ° Pes Hele Tere €90° Hee 
€°8Z aan 197 920° 66B> gies 9970° go°€ 
~ ~ vS9° - qoute “Tee ~ - 
(fuostuo] =v Vv 09 EHoso HO) is HOO [PHf5) 
Peneol! vec 5v-°u = S HED (setToum) sjonpoird ql tHos*tHo] (fnostuo) 4 


ee eee eee 


ed oo€ 3e oTaeN [9H] /[EHOSEHD] ayy Jo uoTZOUN™ e se spTeTA yONpoad 


9-AI a'IEVd 


s303 P.2a hea (‘ad=onisgqze SP79 5i3) TS t.8 = hen e-eieet: sux: = ele ; : 
Stegoq™9 “ste vetony £10 = at «stud Ove = (OD 8.4 (asa a Tes “tosppeston) 
Ain EL = ‘ons 


fnoasvigeh 264 Beloenser See? sV54 acuiey afte” ar 
ou? 605 You vicristvedacn €2€4.0 Bra bF9.0 -i2iek i seneeds eft at SO\a gig? = a _ 


seseDM tT OTe saene. (a 
: : —~s A 7 


pfs. be convestq sco nt 


BW SIO). 


“fHostuo Jo eouesead ay Udy 00/ Geneon =v 


°¢19°0 = fHoOStHO Jo aouasqe ayy ut 00/S$2Htda= ie 


*uOT}eTdep AOJ pazda1109 usaeq saey santTea (9H€9) dy, 


rUTW 0 Te=< cul oansodxey 
‘uTW g = OWT} sansodxa +, _UTw 
setoun ¢tg'o = [Oy “2103 ToeT = (209)a 42203 0°S9 = (9HfD)a 42203 COT = (SOD) dp 
Cie LC 6L°T Lege SS0° 6LS° vr? S780" 97°S 
tec 6S°T SSz* €70° 9€9° 6P7°2 SVLO* €8°P 
THE ev aa « 00° Tide * 9FEe 6190" 00°F 
6°7Z Citi 867° 9€0° Scie (Tree COS0s Sve 
v°%Z v0°T Sze SE0° 06L° €P°2 S9v0° Zhe © 
- - Z99° ~ q80°% gtI'€ - - 
 (9HED) “we Ow o¥-Ou sont (seToum) sjonpozd 5 (fHOSeHO] (€Hos€uo)d 


——_—.e.eR.R eR ereo@qQ@ @ sw) —— ee 


pi z6€ 3e oT3eu [9HfD]/[fHOSfHD] |uR Jo UOTJOUNT e se SpTeTA 3ONpord 


Le Ady Saw 


,viog [het =< (ebos4 ya7e on 


= tke 0 - =, ants Awan 

isToel, 70% badgostztoorrtSs co aVet aor ley" tyiipoie? 
= -HDIsaS” Ie. aonsere Sit (tr OS 3\\ hae = of 
HOG pHo Io soteEsayesny= ne ODE we? a8 


‘of 


hoe: 


aes Ho JO 3dduaseid 9yQ uT 00/s2HED = 


"eg9°0 = fHosfHD Jo aouasqe ayy ut 00/s9HED = ans 


*uoTJaTdap AOF pdzoaeI109 usaq saey santTea (9H£9) 4, 


“UTU G*g = oUITR set lece sy. 


*uTW g = OWT sANsOodxa ‘7 uTw 


Osa 42703 €0ET = (COd)a ‘21209 6°99 = (-H'o)a /410a 00s (SOD) dp 


SoTOuwm CAG “0 = 


Gust 9E°Z v6T° ZOT* 7oG eG iia 6v1" 6L°6 
B77 Seat T8Z° 190° Geiser e OSLO° p6°? 
6°LT Cont V67° €S0° cag 08t¢ 0890° 8b 
0°8T 60°T Gres 6v0° 668° 88'z 8090° 20°? 
8° OT 888° pre" vv0° sree carz 67S0° 6v'¢ 
8° LT O8L° LOE" TE0° OG “EG * 2 970° 68°72 

- ~ €S9° ~ quuec S0k - - 

(fHOstHO] ov v oe fHosstHo = SHED” [9H€5] 
(9HfD) “w-Ow o¥-Ow s9H€5 (seToum) sqonpoazg 5(€HostHO) (€nos€uo)a 


a a Se 2 ee 


ei €@p 3¥e oTzey [I2HfD])/[EHOSEHD] au Jo uot AOUNY e se SPITeTA JoOnpoagd 


8-AI ATEVL 


es 3a = eae 
iti e = fois 2 aaa rata 


onime lib. = Saito 2 seogx 


ab 363 Besser kui Sve oshisyv fgHeaes” 
Saeko 46: Sogesds emt gi OS) Selteo = 3e 


it) 56 esnsdesgo eae At. CONE gHED * <4 


Vee 


Ate 298K 
330K 
30 362K 
<x = 592K 
~ 
s LV Aa y 
| (@) 
a 423K 
= 20 : 
@ 4 é . 
1.0 IRA 4 
0 
0 0.05 0.10 0.15 


[ CH3S CH3]/[ C3He ] 


FIGURE IV-4 : Plots of (A,-A)/A versus [CH3SCH3]/[C3H]. 
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(a) UV spectrum of thietane 


Thietane (trimethylene sulfide) possesses two absorptions 
in the wavelength region of interest: one at i < 230 nm with 


2200") poles ene * and the other centered at 260 nm with 
=i). 


om 
2 


14 1 moles on The UV spectra of COS and thietane 


ian) 
I 


are shown in Figure IV-6, where it can be seen that thietane 
has a larger extinction coefficient than COS at all wavelengths 
except! in a window around 240 nm. “Photobysis O£.COS with 
minimal interference from thietane was achieved by using a 
Combinatron=of-a-240-nm-interference-£ilter/and.a..il.mm Vycor 
M9lecut off filter (Figure IV-6), and a high COS/thiétane 

Batra (= 20:1). Under these conditions the amount of Incident 


oF 


light absorbed by COS at 240, 245, 250 and 260 nm is 199%,%99% 


V97% and 195% , respectively. In a blank experiment, a 35 


minute photolysis of 5 torr of thietane yielded a small amount 


of C,H, and a trace quantity of cyclopropane. 
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(b) Reaction Products 
mre Loentifications 


Photolysis of COS in the presence of thietane resulted 
in the formation of two major retrievable products, CoH, and 
eo -cOntaining prodtet, along with trace quantities of a C3He. 
isomer. Identification of the CH. isomer was hindered by 
its similarity in vapour pressure and GC retention time 


with those of COS (C,H was observed only as a m/e = 42 peak 


6 
co-eluting with COS in a GC/MS cross scan). The mass spec- 
trum of the S-containing product (Appendix A-2) indicates 
pia at iS of molecular weight 106,corresponding to the mol-— 
ecular formula C2HES.- The NMR spectrum of this product 
(Figure IV-7) shows two resonances of relative intensities 


Palgin the methylene region, shifted to lower field by sulfur. 


The first resonance, due to proton Hae and centered at 


Pa-e.19° is a triplet; and the second resonance, due to proton 


H BE oO = 2,35 is'a quintet. The coupling constant betveen 


By 


protons H, and Hp: Jape is 7.5 Hz. This relatively large 


coupling constant implies that the four Hy protons are on the 


carbon atoms adjacent to the Hp carbon atom as shown. 
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FIGURE IV-7: NMR spectrum of 1,2-dithiolane. 


004 


ao : eaaeaaaale ; zi 


16D. 


The only structures of molecular formula C3H.S, in which 


the Hy protons are equivalent are the cyclic compounds: 


HOH ae 
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The question of which structure corresponds to the NMR 
spectrum observed may be determined on the basis of comparison 
of this spectrum with that of thietane, a 4-membered ring, 
(Figure IV-8) recorded under the same conditions. The latter 
spectrum is quite Similar to that of the product, consisting 
Bena triplet at 6 = 3.29 and an apparent: quintet’ at) o = 2297 
wath a coupling constant of 6.5 Hz. The upfield shift of the 
resonances of the product spectrum relative to those of thie- 
tane 1S suggestive of ring expansion, analogous to the chemical 
shift generally observed on going from four to five membered 
rings.1?° The proton resonances of structure II would not 
be expected to show an upfield shift, and in fact might 
occur to low field of the thietane peaks due to the effect 
of the additional S atom on the ring. Therefore, the ob- 
served NMR spectrum strongly suggests that the: product ars 


the five-membered ring, 1,2-dithiolane (structure I). 
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FIGURE IV-8: Comparison NMR spectra of thietane, 1,2-thiolane, and 


tetramethylenesul fide. 
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In further support of this assignment, the NMR spectrum 
of tetramethylene sulfide, a five membered ring, obtained Gace 
identical conditions, Shows a substantial ring expansion shift 
‘with resonances centered at 6 = 2.80 and 6 = 1.90. The much 
smaller ring expansion effect observed for the product, 
CH.S., is probably a result of a shift to lower field caused 
by the second S atom and of the different geometry of the 


two five membered rings. A comparison of the NMR chemical 


US ON 


Ul 


shifts due to ring expansion for thietane, tetramethylenesulfide 


and 1,2-dithiolane is shown in Figure IV-8. 


ii) Properties of 1,2-dithiolane 


Attempts to obtain gas and solution (CHOH) phase UV 
spectra of 1,2-dithiolane were unsuccessful. In the gas phase 
experiment, the product was observed to polymerize as a brown 
film on the cell walls upon warming from -196° to room temp- 
erature. Insufficient sample size and air oxidation of the 
product prevented the acquisition of a solution phase spec- 
trum. In this connection, it may be noted that 1,2-dithiolane 
has been synthesized previously by several workers, and has 


been shown to be extremely unstable with respect to polymer- 
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ization, especially in the pure state. The UV spec- 


trum of 1,2-dithiolane in CH,0H has been shown to feature 
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very strong absorption at wavelengths below 250 nm and to 


possess a weaker long wavelength absorption ene ~ 334 nm) 


having an extinction coefficient of 150 1 mole; emma ee 

The strong short wavelength absorption explains the photo- 
chemical instability of 1,2-dithiolane: less than 50% of 

a sample (% 0.7 umole) was recovered after a 15 minute photo- 
lysis (A %250 nm). It was also observed that 1,2-dithiolane 
is extremely sensitive to mercury: the product recovery 
declined significantly when mercury was allowed to accummu- 


late in the distillation train. Interestingly, mercury has 


been shown to add to the S-S bond of the cyclic disulfide, 


r—————_, 158 
CF,C=C(CF,)SS, 
EC CF, 
Hg al | 
—_—_—_—__»> “HgS—F=C—S 
= m0 CF. CF 
3 3 n 


thus initiating polymerization. 


(c) Effects of Exposure Time, Total Pressure and Added CO. 


lt [ee aaa 
in the COS-CH. (CH. ) 48 System. 


The variations in product yields with time for a mixture 


‘Or aire SL F P 
consisting of 100 torr COS and > .cObLa CH, (CH,) 58 are «Listed 1n 


Table IV-10 and illustrated in Figure IV-9. It is seen that 


Similar amounts of CoH, and 1,2-dithiolane are produced at 
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FIGURE IV-9: Product yields as function of CO yield in the COS - 


Thietane system. 
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short exposure times, with an estimated total recovery of 
mS5t at zero time. However, at longer exposure times, the 
1,2-dithiolane yield decreases relative to that of CoH, 
suggesting photodecomposition and/or polymerization. The 
dependence of the product rates (per umole CO) on time is 
shown in Figure IV-10. It is apparent that the rate of 
CoH, Production is constant, but that of 1);2-—dithiolane for— 
mation decreases linearly with time, indicating that both are 
primary products. 

The variations in product rates with respect to total 
pressure are listed in Table IV-ll. A plot of the rates as 
a function of total pressure (Figure IV-11l) reveals the 
absence of pressure effects for either CoH, er 1,2-dithiolane. 

The yields of the products as a function of added CO. 
eeerlisted in Table IV-12 and shown in Figure IV-12. Viltvis 
seen that increasing CO. pressure results in a slow and 
weesay crise in the dithiolane yield, but a drastic decrease 
marche C,H, yield, which apparently levels off at high pres- 


Zen 
Sures (> 600 torr). The overall product recovery decreases 


with increasing CO. pressure. 


(d) Relative Rate Parameters 


As in the case of CH,SCH3, relative rate parameters were 


determined using C,H, as a reference substrate. Due to the low 


stability and poor recovery of 1,2-dithiolane, the relative 
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Effect of CO 5 Pressure on Product Yield ine#the 


COS-CH»(CHy).5 System 


Pressure (torr) Products (umoles) % Recovery? 
F°2 CO CHD (CH2) 288 Cog 
0 Te 0.620 eres: 6255 
600 Ze oo Wat eG 0.064 Shen? 
iy, 200 Bit ae OO UE Di Or 42.1 
4p(cos) = 100 torr, P(CH5(CH)5$) = 2.8 + 0.03 torr, exposure 
pane 3 35 4min. 
De Recovery = R( CH (CH) 58S + CoHy)/R(CO°-CO), where R®%co = 


0.125 umole min7-. 
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rates were measured by monitoring the decrease in methyl - 
thiirane (CHS) yields (A-A). The suppressions of the 
C3H¢S yields as a function of the [CHI Wen) V)5)7 (cone Tato 
at five different temperatures are listed in Tables IV-13 

to IV-17. The corresponding plots are shown in Figure IV-13. 
The plots are linear over the range of the [en (Ceee ty 
[C3H_] ratio studied. The slopes and intercepts of these 
plots obtained from least mean squares analysis are present- 
ed in Table IV-18. The slopes are plotted in the Arrhenius 


form in Figure IV-14. The weighted least squares fit gives 


A = 1.84+0.04 and 


CH 3/Ac 


(CH5) 5 3 6 
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-l 
EB - E a 9 2520503) kKead mo ce 
C3He CioweH,)5 


Be Dscussion 


S atoms react with dimethylsulfide and thietane, yield- 


ing in both cases a single S addition product, the corres- 


ponding disulfide. Although the basic mechanism of form- 


ation of the disulfide is probably the same in both cases, 
there appear to be some subtle differences in the reactions 


involving the primary adduct, and therefore mechanistic 


and kinetic details concerning the two systems will be 


considered separately. 
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1) S ( Dos P) + CH3SCH, Reactions 


a 3 
The_S ( D5, P) atoms produced by the photolysis of 
COS; 
COS + hv —+ CoO + BieDay oy [1] 
J: 4. 
S("D,) + COS—- co + s, ( Ag) [2] 
s(*D,) ee wen pyr N ep 


3 


s(°Pp) + cos —* co #8, (X Ee) . [4] 


may react in a number of ways. For s (tp) atoms, the follow- 
ing steps may be considered: 
H abstraction, 
1 OH. 
Sy D.) + CH,SCH, ——> CH,SCH, + SH [5] 


C-H insertion 


i: 1} 
S ( D,) ae CH,SCH, —— CH,SCH.,SH (Sp) [6] 
C-S insertion 
s(tp ) + CH,SCH, —— CH,SSCH,(S i! Ea) 
2 3 S a 30 


Sr addition to the sulfur site 


7 r + 
S ( D.) +e CH SCH. Bi = CH,5CH, (S)) [8] 


s (7p) atoms, on the other hand, being incapable of insertion, 


can only react with the sulfur moiety: 


. ; ; ia °f 
a ba + op ee et 
x pe 

I ; 
whe : 


ve 


Vi " : 
; >a 
fe > tah > re) ba] + ry 4 
' 4 Pe 
o >: i 
(TEs, a 00 o~'90n ee 
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a er eon eT at ) 
> 
Si i _ 

s6-tebinaow ol) 


“he + eee —— ee * 


tv] 


(3)" 


etdiseci te Sideijsoniy 


s(>p) + CH SCH, ~ cn, bx, (2 [9] 


3 1) 


Step [5] can be discounted since this process is unknown 
in Sets hhydrocarbotiaeceactions (vide infra). Although C-H 
insertion is known to occur in S("D5) + alkene and alkane 
systems, the absence of any insertion products in this 
system indicates that reaction [6] does not occur. 

The exclusive occurrence of C-S insertion (reaction 
[7]) can be ruled out for the following reasons: C-H in- 
sertion reactions are extremely rapid and, with the except- 
Z0n Of CH,,are essentially quantitative. C-S insertion 
should be equally efficient, and yet the CH,SSCH. yields at 
Zero pressure never exceeded 50% (Figure III-3). Further- 
more, the s (7p) 4 CH3SCH, reaction also leads to the for- 
mation of CH3SSCH3, indicating the existence of an alter- 
native route for disulfide formation. Additionally, the 
electron rich S non-bonding 3p orbitals of the substrate 
should provide a more attractive site for electrophilic 
attack than the C-S bonds, thus rendering reaction [ 8] more 
favourable. 

It is therefore proposed that s (+p) and s(>p) atoms 


react with CH,SCH, to yield excited singlet and triplet 


state dimethylthiosulfoxide (DMTSO), respectively. Although 
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these species were not observed in the present investi- 
gation, there is convincing evidence in the literature to 
the effect that thiosulfoxides can exist as transient 
intermediates.+>? 165 
Before considering the subsequent mechanistic details, 
it would be instructive at this point to briefly review what 
has been reported with regard to thiosulfoxides. DMTSO has 
long been thought to be the unstable by-product in the oxid- 


ation of S-containing compounds by (CH) ,S8=0:7>? 


0 0 
RC-SH + (CH) ,5=0 — RC-OH + | (cH) ,S=s 
(CH) Sate amce [10] 


The intervention of thiosulfoxide intermediates in the 


thermal racemization and isomerization of allylic disulftides 


160 


was postulated by Barnard et al. in 1969, and by Hofle 


and Baldwin in Lovee 


R 
=e fee [11] 
rs se 
=~ SR R. 
Beeman, fs RoR Ry >R, 
The latter workers measured the pseudo first order rate 
constants for interception of the thiosulfoxide intermediate 


by P(Ph) 3 and found, as expected, that increasing the size 


Rie and Ro decreases. the rate ‘as a result of steric 


Sie A 5 
hindrance, but that increasing the size @ni R, + Ro favours 
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the formation of the thiosulfoxide intermediate. When Ri 
through Ry = H and Re = CH, the thiosulfoxide loses sulfur 
spontaneously at 25° to yield the sulfide. 

In 1973 Mislow and co-workers?®? repoLlted uated lls lac 
sulfides react readily with elemental sulfur to yield the 
corresponding disulfide, with complete allylic rearrangement. 
These workers demonstrated the reversible nature of the 
various elementary processes involving thiosulfoxide inter- 
mediates: 


R-S +S,2->R-S~S; =—> R-S=S => R-S-S [12 ] 


Sell et aoa reported that PASio is a mild, select- 
ave reagent for the reduction of sulfoxides to sulfides and 
Suggested the intervention of a four-centered Wittig-type 
intermediate, which decomposes to thiosulfoxide: 


R 

3 Pees 

peed O 

i S —-— P ‘aka P a RSR—>R S +¥eS ace) 
R—S—R +P,S8,o _ 2 8 


Baechler and rsh beat a we pursued these investi- 


gations and discovered that milder reducing agents such as 


B5S3 and SiS, effect the conversion of sulfoxides into di- 


sulfides, as well as monosulfides. 
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fe) S 
R-S-CHXCH=CH,, cca R-§-CHXCH= CH,) 
R-S-CHXCH=CH, + S R-SS-CH.CH=CHX [14] 


xX = = 
Hor D, R CH, or CoH. 


The fraction of the disulfide formed varied with the choice 
of reagents, and its presence constitutes compelling evi- 
dence for the intermediacy of thiosulfoxides in these sys- 
tems. Attempts to detect thiosulfoxide intermediates by 
NMR during low temperature deoxygenation experiments were 


unsuccessful. 

Stepanov’ et aimee studied the thermal and chemical 
reactivity of a number of substituted diaryldisulfides, and 
showed that the presence of strongly electron-withdrawing 
substituents apparently stabilizes the thiosulfoxide form. 
Accordingly, the only thiosulfoxides which have been iso- 
lated to date are those possessing strongly electronegative 


LGw 
groups such as F and O bonded to the S=S moiety: 


oat 


(nD=H0,.19-BB-A a+ ,.oieie-k 
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The possible transient existence of thiosulfoxides in some 
systems, then, is no longer in doubt. In the absence of 
electron-withdrawing substituents however, they appear to 
be kinetically unstable species. 


In a study of the allyldisulfide-allylthiosulfoxide 
+ 


eos 


isomerization, Hofle and Baldwin reported AH'~ 20 kcal mole > 


and AS*= -9 erie Using these values and assuming that 


the trapping reaction of the thiosulfoxide intermediate by 
P(CeHe) 3 has an E. of 3-4 kcal ie, Senger = has 
estimated that ground state thiosulfoxides are at the most 
wir kcal motel higher in energy than the corresponding di- 
sulfides. This suggests that thiosulfoxides are energeti- 
cally accessible species. However, they are thermo- 
dynamically unstable with respect to formation of the 
corresponding sulfides and elemental sulfur. 

The electronic state of the DMTSO formed in step [8] 
is not known, but is likely to be the ground, vibrationally 


excited cinglet State, Ee Its energy content, 


* 0 O ma O 
= - AH~(DMTSO 
E = AH, (CH,SCH,) + AH, (S( D.)) A ¢ | ) 


can only be estimated, since AH, (DMTSO) is not known. Using 


-1 168 
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AH 


~1 19 
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and Benson's estimated value of 4 kcal Sena Pov 
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AH , (DMTSO) GiveS a very approximate value of 79 kcal 


oes Ox prs. 


DMTSO (S,)" can decay via the following pathways: 


fragmentation, 


S 
ll + i: 
CH,SCH, (S)) —— 2CH, + S. ( A,) Elsa 
——yp C,H. + S Ca ) [ 15b] 
26 2 g 
—_> CH,SS- + -CH, palsye) 
—»> 2CH,S: [ 15a] 


collisional deactivation to the thermalized ground state, 


S S 
CH SCH, (89) ee CH, SCH 


3 3 (So) [ 16] 
and isomerization to a vibrationally excited dimethyl- 
disulfide (DMDS) molecule, 

CH be (oe eet CH ASSCH (on: eee 

3 32h 3 364,0 


The heats of formation of the fragment radicals and 
molecules formed in reactions [15a-d] are, with the except- 
Fon’ or CH3S,, known with Seek tines ee and since the cal- 
culated value for AH, (CH,S.5) = fijagmee kcal pote e is 


based on reliable kinetic data, the total product enthal- 


pies can be computed accurately. 
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£Oor AH , (DMTSO) , however, is only a very rough approxi- 
mation. Nonetheless, accurate values of the enthalpies of 
reactions [15a-d] can be calculated beginning with the two 


mitial"neactants ja .e 


AH 


(kcal mole 


[15a] 1 


s(*D,) +eCH SCH pel CH.: teS 


28.3 
32543 gutsSowarg! 


[15b] CH 


1 
=o... 3 


CHa Sia CHa aS see: 
2CHas% = 5..:0 


Step [15a] can be discounted on energetic grounds. 
Molecular production of CoHe, step [15bl], is. a dvstinet 
possibility in view of the high exothermicity of this re- 
action. It should be noted that the suppression of the 
CoH, yields in the presence of NO does not necessarily 
indicate that CoH, comes from radical precursors: it will 
be shown later that NO reacts with DMTSO, resulting in a 
fivefold decrease in the rate of isomerization to CH3SSCH., 


i 1a®, 
and thus fragmentation to C5H¢_ should be suppressed as we 


to the de- 
Fragmentation to CH355 ae CH, is analgous 


wo 


“9% ofa) Jo ih tae 
ah 20 dotpes co 
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composition pathway proposed for triplet state dimethyl- 
ume itde . 5a Pifselution ; CH,S, radicals are extremely 
inert and their sole fate appears to be recombinations .° 
yet CH35,CH, wasenot detected in this system: “On the other 
hand, CH, radicals are definitely present (viz. ‘the “for= 
mation of CH,), and these can only be formed from step 
[15cl. One possible explanation for this apparent dis- 
crepancy is that CHS. can disproportionate in the gas, but 
Mot in the liquid phase, to yield a variety of products: 


Although virtually nothing is known concerning the chemistry 


of CH,S. radicals, it has been demonstrated that the rate of 


B22 
disproportionation of HS, radicals in the gas phase is ex- 
tremely ha parce Finally, dissociation into two CH,S 


radicals, step [15d], while energetically possible, is not 


eonceptially inviting. It is therefore concluded, that 


DMTSO(S,)" fragments in two ways; a molecular route leading 
to C,H, + So (steps (15b)jymeand a radical one leading) to 
CHS, + CH, (step ([Lsci). 


As mentioned above, the ground state thiosulfoxide 


formed in steps [8] and [9] is unstable with respect to de- 


sulfurization; the occurrence of the deactivation step 


[16] is manifested by the decrease in the CH,SSCH, yields 


with increasing pressure (Figure IV-3). 
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The proposed thiosulfoxide-disulfide isomerization, 
step [17], is analogous to that involved in the 2,3-sigma- 
tropic rearrangements of allyldisulfides as shown in 
reaction [11], and to the reaction sequence in the BS, 
reduction of sulfoxides, step [14]. Senning] a has pro- 
posed the involvement of an equilibrium between the hypo- 
thetical dithiirane and thiosulfine molecules in some 


interconversions: 


Pe S io 
R, Ro S 


Although neither species could be chemically trapped, a 


dithiirane intermediate may be envisioned for the DMTSO (S)) 


Beatrangement,; 
S + 
S oy aan [ 19a] 
S —S ae 
uA Nex, v Sar see Ch, 


followed by cleavage of the original C-S bond, 


2 


ea t [ 19p] 
Sah —Y CH,SSCH, (S5) 
C 


ie 
to yield CH,SSCH3 (S,) ‘ 
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The vibrationally excited CH,SSCH.,, molecule formed in 


[19b] can fragment to a small extent or be stabilized: 


GH SSCH. (oa) CERES ore: [20a] 
3 Ba 0 3 
M 
——> CH,SSCH, [20b] 


Since CH,S, CHS, and CH, radicals are present in the 


system, the following reactions should be considered: 


2CH.° =e (oe [21] 
CH,S:+ CH,- —p  CH,SCH, [22a] 
— > CH, + CHLS [22p] 

2CH,S- —P CH,SSCH, [23a] 

—> CH,S + CH,SH [23b] 

CH,: + CH,SCH,—® CH, + -CH,SCH, [24 ] 
CH,S: + CH,SCH, —> CH,SH + *CH,SCH, 125.) 
CH,* + COS —> CH,S* + CO [26 ] 
CH,S,: + CH, — CH,S,CH, [27a ] 
— > CH, + CH,S, [27b ] 
CH,S.> + CH,S- — > CH,S,CH, [28a ] 
[28b ] 


— CH,SH + CHS, 
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2CH,S5 —> (CHS CH.) [29a] 
aa (cH,sscu, )" +S, [29b] 
—} CH.SH + CH.S +5 [29c] 


3 2 2 


Thus there are two sources of Coe, steps [15b] (molecular) 
and [21] (radical). Radical-radical reactions are prob- 

ably of minor importance owing to their low concentrations. 
For the self-reactions of CHS radicals, steps [23a, 23b], 
Ka/k, has been estimated to be Tei is and the value for 
the cross~reaction ,CH, + CH,S, steps [22a, 22p))) shouldvanso 
be very low. Hence it is not surprising that polymeric 
thioformaldehyde, the end product of CHS formed in the 
disproportionation reactions [22b] and[23b], was not detected 
in the cell residues after high conversion experiments. The 
hypothetical gas phase disproportionation reactions of CH,S, 
(steps [29b, 29c]) are proposed by analogy with the known 
chemistry of penais and eos a radicals. The disulfide 
formed in step [29b] is probably "hot" and may constitute 

an additional source of CH3S radicals at low pressures. 


For steps [24] and [26], rate parameters have been 


nyse te and the corresponding room temperature rate 


constants are: 
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These are very low indeed, and thus reactions [24] anda [26] 
are not likely to. be important. 
Kinetic data for step [25] have not been reported. How- 


ever, for the CHS + CH3SSCH, > CH,SH + CH SSCH. reaction, 


2 
E, Paar Sis) Cal mole + oS and E, for reaction [25] should 
be very similar. Although this value is lower than the Es 
mesociated with steps [24] and[26], 9.4 and 11.4 kcal Wee 
respectively, its magnitude is such that step [25] is prob-— 
eoly not important. 

Steps [27] and [28] have been included for completeness. 
Nothing is known with regard to the hypothetical dispro- 
portionation reactions. 

Abstraction reactions involving CH35, have not been 
considered since jthe product,CH,5 5H, is a very unstable 
species. 

Since CH, isa secondary product, it must. be formedvas 


a result of reaction between CH, and one of the reaction 


products. The most likely candidate is CH3SH, 


[30] 


° H Se 
CH, + CH, SH i CH, + C 3 
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which has a readily abstractable H atom: D(CH,S-H) = 92 


-l1 l 
kcal mole Eanes as compared to D(CH,SCH 


SU Ms: 
a, 


97H) = 95 eked | 


mol 


In any event, the total radical reactions taking place 
in this system are of minor importance, constituting only 


a few percent of the overall reactions. 


As has been demonstrated, the mass imbalance in terms 
of the S product yield is due to the formation of elemental 
sulfur. This indicates that reactions involving desulfur- 


eZation must play a Significant role in this system: 


AH 
-1 
{kcal _mole ") 
a 30- 
.) Si iak Mi ’ 
eae CH. (S 4) ee Be CH,SCH, + S,,etc. Ty he al 
1 3 
SU -De PF 1 aa 
2 eM Pa yay Sis) 
—_——__———> CH,SCH, + 5, ( a ) F 
i 
CH. SGH. {S..) ‘ 
ANS EEN Uae A 5+8 [3l1c] 
2CH,SCH, + S. | a 
os . =99) loda 
3 CH, SCH, + CH,SS 
aes CH. SCH] 4 Choon 13 Sisaiee 
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Since s (7p) (and presumably a(n} as well) reacts 
with CH3SCH, atrasrate approaching the collision frequency 
(vide infra), and [CH,SCH, ] Ss [ (cH,),s=s], desulfuriz- 
ation by ST ei 3p) Cannot be*significant.  Desulturizatron 
Of DMTSO(S)) by Salar Sei formed in step [2], is exothermic 
by 11 kcal mole although this reaction is thermodynam- 


ically feasible, the steady state concentrations of So ( Bed 


are extremely low. Ground state Sy species have been shown 


to be unreactive towards See and since D(C-S) of 


thiirane is very similar to D(S=S) in DMTSO (52 and 55 kcal 


fete. respectively), desulfurization of DMTSO by S5 ( Be 


5S. etc. should also be of minor importance. Desulfurization 


5 


by CH,S or CH, radicals (steps [3ld].and .[3le]) ss not dake 


ly to be important and moveover, these reactions do not 


lead to the formation of polymeric sulfur. 


Desulfurization via reaction between two ground state 


DMTSO molecules may be slightly endothermic ( AH%5 + 8 


kcal notee but it ‘should be noted that AHourso oe a oe ee 
kcal Olen is an estimated value only and thus step [3lc] 


may be feasible. Its importance would depend on the tran- 


sient concentration of the thiosulfoxide species. 


Desulfurization could also be envisioned as proceeding 


via unimolecular S atom extrusion: 


S) 1 
c + Sep [321 
CH,SCH, (So) —— CH,SCH, ( >) 
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Due to spin conservation, the S atom produced must be in 
the singlet state, and thus the energy required for the 
occurrence of reaction [32] is at least equal to the exo- 
thermicity of the s(*D,) + CH3SCH, reaction. Consequently, 
step [32] may be important only at infinitesimally low 
pressures. Moreover, its occurrence would not affect the 

S product recovery. Therefore, it is concluded that de- 
SuLfuri zation lof DMTSO(S,) takes place via the bimolecular 
reaction [3lc]. 

From the mechanism delineated above, it is apparent 
that three reaction pathways are open to the excited DMTSO 
adduct. There are two product formation pathways: frag- 
mentation via C-S bond scission, and isomerization. The 
former leads to CoH, + So and to CH,S, + CH3, while the 
latter leads to CH3SSCH3. The other mode of decay,de- 
activation followed by desulfurization, leads to regener- 


ation of the substrate. The major reactions occurring in 


the system can thus be summarized as follows: 


S 
‘i [8] 
S ( D.) 7 CH,SCH, —}> CH,SCH, (Sp) 
a 1 
: 4 eS A (eee) [15p] 
CH,SCH,(S))' —CoHe ese: 
: , [15c] 
—> cH,S,- + CH, 


S 
M qv pie) 
— > CH,SCH, (Sp) 
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: 2CH,S- [20a] 
$ + 
) 
CH,SCH, (S)) —> CH,SSCH, (S)) 
M 

CH,SSCH,(S)) [20b] 

2CH — (e ae 
3 3 0) —® 2CH,SCH, + S. | ey [3lc] 
2CH,-  —p CH, P14 


S(°p) atoms also react with CH.SCH SSCH 


3 3 3 


CH, and CoH in Similar relative proportions and in dras- 


tically reduced yields, less than 60% of those obtained 


to vyaela*cH 3" 


from the S("D,) reaction (Table IV-3). The exothermicity 


of the proposed primary step, 


S 
s(>p) + CH,SCH, —_> CH,SCH, (T,) [9 ] 


-1 : 
is approximately 53° kcal mole “,, and accordingly, the DMTSO 


(T,) tPom2o Koad oul less energetic than the DMTSO (S,)" 


formed in step [8]. 
If fragmentation reactions analogous to those postu- 


lated for DMTSO (S_)* are considered, i.e. steps [l5a-dl, 


only the following are energetically possible for DMTSO (T,): 
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3 
S Pp + CH_S —= sae 
("P) + CH,SCH,—» CH,SCH,(T,)—= C,H, + 
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Since the CoHe yields are fivefold less than those of 


CH3SSCH., it is likely that the bulk of the CH3SSCH, arises 


rz OM DMTSO(T, ) ana “not from recombination of thesradicals 


permed, in [33b)]., One’ possibility is, 


S 


CH,SCH, (T,) —+ CH 


SSCH, (T,) a5 CH.SSCH. (S 


Isc 3 gL @) [34] 


3 0 
However, CH3SSCH,(T, ) has never been observed and is likely 
to be antibonding in character, dissociating immediately to 


two CHS fragments. A more plausible pathway for the for- 


mation of CH,SSCH, from DMTSO (T, ) ers 
S S 
1 M t + 
ae ea ne B5 
GH ScHe Wie Sec CH,SCH, (S)) [35a] 
CH ae (S eee A leg SSCH. (S yr 355] 
5 Ber 3 B20 


Because of the lower energy content of the DMTSO(S,)* 
i 
formed in step [35a], as compared to the S(D,) + CH,SCH, 
adduct, the rates of isomerization to disulfide and of de- 


activation to the So state are lesser and greater, re- 


spectively, resulting in a sharp suppression of the CH3SSCH, 
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yields (Table IV-3). 

The increased importance of deactivation in this sys- 
tem may be expressed in a more Quantitative manner (App- 
endix C-2). Comparison of the CH,SSCH, yield in the pressure 
independent region (> 200 torr), Table IV-2, with those ob- 
tained in the presence of CO. (Table IV-3) reveals that the 
CH3SSCH, recovery for s("D,) additioncis!v25%, twhilecthat 
for s (7p) addition isvonly' 7%. It»follows that) the deact- 
Myatron/isomeriZationiratios for) the S("D,) and s(p) atom 
reactions are 3 and 114, respectively, for COS/CH3SCH, = 
300/30 and at 30 min. exposure time. 

The greater importance of deactivation for the triplet 
DMTSO suggests that the sharp drop in CH3SSCH, yields when 
the pressure is increased from 100 to,200 torr (Hgure IV-3) 
is mainly due to deactivation of this species. 

In the presence of 2-4 torr of NO (Table. IV=3),7 the 
CH, and CoH, yields are completely suppressed, suggesting 
radical precursors. Interestingly, the CH,SSCH3 yield is 
decreased by only 80%. One possible explanation for the 
suppression of product yields by NO is the scavenging of 
S atoms. However, in the presence of NO, the CO yield 


dropped by only 3%, indicating that NO did not react sig- 


3 a 
mati cantly with Sie For S(~P) atoms, Ke (3p) +No4M = 


=2 ia 53 Ee 11 ,-1 -1 
ox eee M és and ko (3p) it CH, SCH, =e les aa ln) Ms 


(yede intra)., Thus. for the COS/CH,SCH3/NO = 300/30/4 mixture 
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(rableoiv-3), Ms= ~.COS] «+ [CH3SCH,] + [NO] ~% 0.018, 


and it follows that: 


Rate, ,3 


S ( 5 


re 
Ra Eo 


P) +NO+M Ly eg ana 


5 
( P)+CH,SCH, 


Thus NO does not react with s (7p) atoms fast enough to affect 
the s (3p) concentration. It may be concluded that scavenging 
of S("D,) and s (7p) atoms by NO is not responsible for the 


decrease in product yields. NO presumably reacts with 


DMTSO(S5)*, (T,) in competition with the DMTSO(S))*, (T,) ie 


SH -SoCH, rearrangements (steps [17] and [35]), most likely 


5 3 


via abstraction: 


T _ s+ nos + CH.SCH [36] 


S 
NO + CH,5CH, (S aSeH. 


0? 
This reaction is evidently not as efficient as the NO + 


radical (CH etc.) scavenging reactions. However, this is 


not unexpected since DMTSO(S,)" is a vibrationally excited 


motecule: and not a monoradical.. Moreover, the reactiongoe 
NO with triplet state thiirane is.very Slow and a large 
excess of NO is required to effect even a 30% suppression. 
In this connection, it is interesting to note that Rao, 


et nhs i have reported that 50 torr NO were required to 


Scavenge all the CH35S radicals in their system, produced at 


a much higher rate than in the present study. 
At this point it would be interesting to compare the 


Py + CH oGH 


Beesent results with the well documented O( 3 3 
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: 1 : 
reaction. me The major products are CoH and (CH,) ,S=0 


(DMSO) in a ratio 3:1, respectively, and their combined 


yields are 35%, in terms of the 0 (7p) atoms produced. The 


overall mechanism is postulated to be: 


e 


0 
3 + 
——__» i, 
Bie) oe CH. SCH CH, SCH, (T,) [37] 
CH uae propia 08S or eo. gen [38a] 
af aa Sane ton 3 
2 [38b] 
@y65 4 cho 
e oo 39 
2CH, CoH, P3233) 
40a 
cu, bon, [ ] 
OS mellel wyclor 
[40b ] 
CH,SOCH, 


In the presence of C,H, SH, which has a readily abstractable 
hydrogen atom, (CH) ,S=0 was completely suppressed, indic- 
ating that it arises solely from radical recombination and 
not from pressure stabilization of the initial adducts 

The structural difference between the final addition 
products in the 0(°P) and Gay 3p) systems (branched 


versus linear) is a consequence of the thermodynamic stab- 


: =S i to be 
ilities of the possible products: (CH,),S5=S is known 


i nNeLte hence its 
unstable and CH,SOCH, 7s an unknown e Yr 
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possible formation in this system is purely speculative. 


——_——— 
aye eS ( Dos P) + CH, (CH,).S Reactions 


the. methylenic @ C-H bonds and possibly the 8 C-H 
bonds are expected to be somewhat weaker than the primary 
C-H bonds in CH3SCH., and insertion into these bonds might 


take place, leading to the formation of the corresponding 


enLors. SH 
S1QDS) { <> a C-H insertion és [41a] 
8 C-H insertion us—Cs [41] 


Neither thiol was detected however, and the sole retrievable 


products identified were CoH, and 1,2-dithiolane (C3) , 


il : 
Thus, by analogy to the S( Do) + CH3SCH, reaction, the 
primary adduct is believed to be vibrationally excited 


ground singlet state thietanethiosulfoxide (TTSO): 


if aT 
S(g-Da9) + : each K Basie) [42] 
This adduct may then undergo C-S bond cleavage to form a 


prradi'cal; 


s . rd rasp ga Mace ad ey =SitCS=) [43a ] 
OSS (Sq) = S C 0 


which may then undergo ring closure, 
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S 


fragment via C-C bond cleavage, 


esq 06 o> [43c] 
Se S CoH, “3 CH,S, 
or fragment via C-S bond cleavage: 
Sc. 1 
Os S ———> ©,H, + S,( aay. [43d] 


Alternatively, the thietanethiosulfoxide may isomerize: 


7 + Tawi Mie aes 
¥=5 (55) > Cis) Tee Ns [44 ] 


or be deactivated, followed by desulfurization: 


=S(S,) 
+ OM = Ss: 0 [45] 
C}=5 (85) —> Oss (Sp) Piet Ao ee ee SZ, os 


+ S5,etc. 


PMresharp .CcCOntrast to the St CH,SCH, reaction, the 
combined product recovery for this system extrapolated to 
zero time is ‘85% (Figure IV-10), with a 1,2-dithiolane/ 
CoH, Facto otwvlcl. This and the fact, thet. therproquce 
Yields are independent of pressure (Figure IV-ll) is prob- 
ably indicative of the relative inefficiency of deactivation 
step [45] or of a much shorter lifetime for the excited 
TTSO as compared to DMTSO. The recoveries of 1,2-dithiolane 
EOY. s(*D5) and Ss (3p) are similar, 44 and 36% respectively, 
aS opposed to the case of CH,SSCH,, where the recoveries 


for S(*D5) and s(>P) are 25 and 7%,respectively (Appendix 


pe). 
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1,2-Dithiolane may form from C-S bond cleavage, steps 
([43a] + [43b]), and/or isomerization of TsO 7 Step Paar: 
mowever, the high yield of CoH, Suggests that fragmentation 
is a major decay path for TTSO, and therefore it is suggest- 
ed that a large portion of 1,2-dithiolane arises from steps 


([43a] + [43b]) rather than step [a4], Unfortunately the 


importance of fragmentation to CH + S., ("Q) step [43d], 


cannot be assessed quantitatively. However, the results of 
the GC/MS cross scan experiment suggest that this path is of 


minor importance, although it is one of the major processes 


in the photolysis of trimethylene foriders 


The predominance of fragmentation as the fate of TTSO(S 


as compared to DMTSO(S T may be attributed to> the veliver 


0) 
Of ring strain which, for the parent thietane, has been cal- 


- L694 ee 
culated to be 19.4 kcal mole 3 since the energy contents 


for the two adducts are expected to be comparable. 


The CHS, species formed in fragmentation step [43c] 


may exist in three isomeric forms: 


H,C—S } 
H,C=S=S_, NT, : 


The first two isomers have never been observed, although 


there is some evidence in support of their transient exist- 


Bice. Ui 4 Dithioformic acid, on the other hand, has been 


produced by the pyrolysis of HC (SH) 3 for microwave spectro- 


scopic structural analysis. Although its stability was 
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not examined in detail, it could be observed at 25° in a 
flow system when the pyrolysis was performed between 200° 
and 900°. Thus, while H,C=S=S is logically the most probable 
Structure: fori cthe! initially formed CHS, species, it is 
possible that it might isomerize to form HCSH, of which the 
ultimate fate is probably polymerization. 

s(°P) atoms also react with thietane to yield 1,2-di- 
thiolane and CoH,- The % recovery of 1,2-dithiolane is sim- 
ilar to the Sil sD) Case; buticbhatbywofMCsH . toitdrasticaill, reduced 


pay 
. BUTT a ar Aa Se LL 
(Table IV-12), resulting in a much higher CH. (CH,) SS/C5H, 


Z 
fakaoy (> ,co versus, 1:1) for S (oD .00e The following triplet 


state analogs of steps [42] to [45] may be considered: 


S(°P) + < ———— Ce-8(Ty) [46] 
ise 

C's-5 (7) > S-S (T,) —> pelt Anvianl 
> CoH, + CH5S, (Tj a7bl 


—P eH 


3L- 
Hea S. ( Ba) [47c] 


The energy content of TTSO(T,) is lower than that of 


TTso(s ye bie zou Kear nL which explains the much lower 
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observed yield of the fragmentation product. Moreover, spin 
conservation requires that the species produced by fragment- 
ation and isomerization must be in triplet states, which may 
not be energetically accessible. The biradical produced by 
C-S bond scission (step [47a]) however, should have a low 
lying triplet state and thus should be formed quite readily. 
This biradical is postulated to undergo efficient intersystem 
crossing to the So state where ring closure may then take 
place. The low overall product recovery ( 40%) in the s (7p) 
+ thietane system (steps [47a] and [47b]) indicates that 


intersystem crossing followed by deactivation (step [47d]) is 


one of the major reactions occurring. 


0 (Pp) atoms also react with thietane to yield CoHy: in 
addition, small quantities of c-C3H¢ were detected (CH,/ 


c-C 3H = 1/0.3). The following mechanism has been proposed: 


0 (3p) + <> —> Cs-0(7y) [48] 
—C 34- 
C$-0(7y) —> “s=0 Se Vax + SO( Ls? [49a] 


C=S 
> (0) pana RL YS)? CH.,SO [49b] 
° cleavage 


ME CS=0 (59) [49c] 
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Together, CoH, and c-C3H¢ account for 90% of ther overall re— 
action. It is noteworthy that the exothermicities of the 

0 (7p) + enpcn as and S(Ds) + SLM a: reactions exceed 
the C-S bond dissociation energies of the adducts by nearly 
identical amounts, yet fragmentation in the latter system is 
enly half as important as in the former. One possible 
explanation is that rearrangement of Os=8 (S9)" (steps ([43a] 
+ [43b]) and [44]) leads to the formation of a relatively 
stable product, 1,2-dithiolane, whereas the analogous process 
for C's=0(7,) would lead to the formation of e: ’ 
which has never been isolated. 

Interestingly, although the s (7p) 3 CH. (CH,) 5S eeeereies 
affords mainly the addition product and smaller yields of the 
fragmentation product, the corresponding three membered ring, 
thiirane, reacts with S(°P) atoms to give C,H, as the only 


~3 - 
retrievable Seine oe Based on the growth of the S, (X Bet 


: 3 : 
spectrum and the concomitant decay of the S(~P) absorption 
observed by flash photolysis-kinetic absorption spectroscopy, 
it was proposed that the overall reaction is direct abstract- 


a “ik sy e' 
ion of the S atom from thiirane: ’ 


s(3p) + [Ds — CoH, + 851% re) 
By analogy with the present system, the Primary adduct 17s 


probably the thiiranethiosulfoxide, 


sp) +[s—» [s-Si7,) [51] 
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which may then decay in three ways: 


esi, ) —_> PStsns ese a [s=s(s.) Eee eal [52a] 


—_> :CH, (T, ) or CH,S. [52b] 


3_- 
—pCHH, as. zg) [52e) 


Formation of :CH,, step [52b],-has not been reported for 3- 


membered heterocycles. + The observation of $5 (O55) is 


accounted for by step [52c]. The thiosulfoxide-disulfide 


rearrangement would lead to the formation of the hypotheti- 


cal 1,2-dithietane, step [52a]. This compound has never been 


isolated and is expected to be unstable due to strong repul- 

Sion of the pm electrons of the adjoining S atoms. The 

Eearnsient existencesiof perf lhoro-1;2-dithietane? hasbeen? re— 

ported in the pyrolysis of perfluoroethylenedisulfide poly- 
is 


mer: 
Fo F. 


300- 
= = «SCE CE os 
(-CF,CF.SS ES == —» pe) 


[53] 
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However, the dithietane reconverted back to the Imnittad 
polymer at lower temperatures (< 300°). 
To date, only one stable 1,2-dithietane, 3,4-diethyl- 


1,2-dithietane 1,1-dioxide, has been Meotmarea. 


This compound possesses an enhanced stability due to the re- 
placement of the lone pair electrons on one S atom, thus 
removing the destabilizing effect of the pn electron repul- 
eon 

It is therefore unlikely that dithietane would be 
formed in the S42) + ps reaction. Moreover, the reaction 
leading to the formation of $9 (°E0) is extremely rapid, k = 
AST es 10, Mi S77, and proceeds with no observable activation 
Betas 0 (7p) atoms also desulfurize thiirane, and the 


reaction has been described in terms of fragmentation of the 


sulfoxide Pec is a 


o(3p) + [Ss —® [Ds-o(t,) > pH, + S0(T,) (54) 


It is apparent from the foregoing discussions that the 
reactions of enhe 3p) atoms with simple thioethers generally 


feature attack at the sulfur non-bonding 3p orbitals leading 


3 Ans 
to the formation of thiosulfoxides. O(°P) atoms react sim 


ilarly to yield the corresponding sulfoxide, and by analogy 
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the remaining Group VI A atoms, Se and Te, probably form the 
corresponding unstable adducts. From the few studies report- 
Cc ainthe literature, it appears that the high reactivity of 
the S non-bonding 3p orbitals toward atom and radical attack 
is not limited only to divalent species: most atoms and 
radicals also preferentially attack at the sulfur site. 


The reactions of H atoms with CHYSCHEG Mie thiirane, 
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moiane and 3-thiolene have been studied. In all 
cases, the initial attack is at the S site and the subsequent 
fate of the adduct is mainly determined by the relative 


stabilities of the possible products. 


+ 
H 
H + CH,SCH, > |H,C---S-CH,| -» CH,SH + CH,- [55a] 
£ 
H + Ps > Pen | cpt, + SH- [55b] 
+ 
H + ae: Se Ons] > /NNSsz [55c] 


+ 


Hot Cs > a|> eu + SH- [55d] 


A brief study of the C atom reaction with thiirane and 


Pevetane. >” revealed that the initial reaction is also add- 


ition to the S site, followed by eliminatron Of .CSetoryterd 


the corresponding hydrocarbons, €-9- 
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For the CH, + thiirane reaction, S abstraction is the 


major process although a small amount of H abstraction was 


observea.+/? 
& 
CH; + ie —»> [os cn] > CoH, + CHS: (SH! 
In this system H abstraction features a Significantly higher 


/R Tatiovoer 


Pa! CO OR Te aoe este Ds abstraction’ H abstraction 
~40. The reactions of CH3 radicals with CH3SCH, have been 


investigated by Arthur and Aca and H abstraction was 


considered to be the only process occurring: 


Gu. + -CH [24] 


° H 
3 35CH ——w CH 4: CHSC 


a 2 8) 


Attack at the sulfur site is possible but does not generate 


any new products: “ 
CH, 


- + CH{SCH, —>|CH SCH Pea CHISCH a? CHa: [58] 


CH ‘Alagus S 


2. 


in view of the high reactivity of the sulfur non-bonding 7p) 
Orbitals toward atom and. radical attack, it.is almost certain 
that CH, radicals also attack at this site; an investigation 


Ot the reactions of CD3 radicals with CH3SCH, would reveal 


the mechanistic route. 
The t-butoxy radical reacts with thietane and thiolane 


via different mechanisms: addition to the S site of thietane 


followed by C-S bond scission, and a-H abstraction from 
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RO: + CY —> (S-OR > ROS (CH,),CH, [59a] 


uW ns he): —e- Ne eas H oF ROH [59b] 


This difference has been attributed to the relief of mand 
strain in the thietane adduct (19.4 kcal miOeme oe) upon for- 
maul Ome hhaslineariradical. Im icontrast, CoF. radicals 
Beeackwithe sulfur sites of both thiolane and thicetane. 
Carbenes and nitrenes have also been shown to add ex- 
Slusively to. the S stom of cyclic and acyclic thioethersein 
oe 


solution to yield the corresponding ylides and sulfimides, 


with the former reagents exhibiting high selectivity: 


oo 
S S-CR (NE) 
:CR,(:NR,) + a, —— a AS mee [60a] 


+ - _ 
A te + CH3S5CH, —> (CH) .S-CR, (NR, ) [60b] 
8) fH. (CH.) 2 : 
Be Rate Parameters for the S( P) + CH,SCH,/ H, (CH,),S Reactions 


As shown in Figure IV-4, plots of eave) 08 versus the 


rable [cu,scu, ]/Ic,H,] show slight downward curvature at 


high ratios (>0.11). The reason for thisepsenot readily 


apparent. However, since for [CH,SCH3 ]/[C3H¢ ] = 06.) -ethe 


plots appear to be linear, it is reasonable to assume that 
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the data in this region may be used for kinetic evaluation. 
As shown in Table IV-4, at room temperature, s(>P) atoms 
react with CH3SCH, ~ 36 times faster than with propylene. 


The weighted least squares fit of the Arrhenius plot (Figure 


tV=5), yields, 


A JA meses Sct). Le and 
CH,SCH., C,H ‘ 
-1 
- E = 1,3410.06 keall’ mole 
C3He CH,SCH, 


From the absolute rate parameters for C3H_ measured by Klemm 


and Davis: 


10) Se) 
= (1 + 
Aay SCH Cys 92 0R2RS) x 10 Mss 
5} 3 
E -1 
CH,SCH, = —0.9620.11 kcal mole 
Alternatively, the data of Van Roodselaar”> lead to: 
*CH,SCH, = (4.984+1.20) x V0 Sema at- 
E Re en heal mole. 
CH35CH, 


The average values of these two sets of parameters yield the 


’ following Arrhenius expression for the s (7D) + CH,SCH, reaction: 


-1 -1 
k = (3.1941.21) x 10+%exp[ (900+237/RT] Ms [61] 


This corresponds to a room temperature rate, COnSstant, 


i 1h ae lee oe 
- 10 Mss 
K (298) WANS es em 


3 
Thietane is even more reactive with respect to S("P) 


adaztion “than CH,SCH3, having a room temperature rate constant 


~50 times that of C3H. (Table IV-13). The weighted least 
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Squares fit of the Arrhenius plot (Figure IV-14) gives, 


te, 7 Sioa one 
SuBCHa eae. at 

E - ES————_ = 1.25+0.03 kcal mole7 
ai, cH, (CH,) 58 


Using the absolute rate parameters for C3H_ measured by 


Klemm and Davis, 


COS Neen 
AS atte Zero 0.26 ox 10 Meas 
CH, (CH) 58 
ee 
eGH.(CH.).& = =0.8720.09 kcal mole 
H» (CH,) 5 


and those of Van Roodselaar, 


10°23 182) 
atm ar or Pot | OQ x 1:0 Mats 
CH, (CH.,) 5S 
-1 
[ae Bea ee ek 
Geren cH). 5 = —-0.75+0.20 kcal mole 


The average values from these two sets of parameters give the 


3 Gite 
following Arrhenius expression for the S(~P) + CH, (CH,) 5S 
reaction: 


=o 
k=. (512321.94). x10) exp [(810+220) (RT), Mac san [62] 


This corresponds to a room temperature rate constant, 


; 3 ‘ 
Thus, the reactions of S(~P) atoms with CH,SCH and 


CH, (CH5) 5S are both extremely fast, occurring at rates ap- 
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gl Deere ieee respectively at room temperature, in- 
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dicating that at least one of every two collisions results 
in reaction. 

It is apparent that at room temperature, thietane is 
almost twice as reactive as CH3SCH,. This is a consequence 
of the larger A factor for the thietane reaction since the 
activation energies are fairly similar (-0.90 and -0.81 kcal 
podee =). The A factors for the two reactions correspond to 


entropies of activation, 


ae 
AS oe es Re AN = ee be 
CH,SCH, 


+ 
AS OH (CH_).: eae 2S ten . 
H.(CH,) 8 


The small difference in as* for the two reactions suggests 
the involvement of similar transition states, consistent with 
proposed mechanisms. 

Both reactions exhibit negative activation energies, 
an unusual feature also observed for the s (7p) + branched 
aikene reactions. A plop of activation energy versus ion— 
ization potential for the reactions of B(eP) atoms with 


SCH3, Em icH) = and some selected alkenes is illustrated 


. 3 
ft sis tapparent tuat, asin (the sO(=P ere. 


CH, 
in Figure: IV-15. 
actions, the linear correlation of E, with ionization pot- 
ential for the s (Pp) + alkene reactions also extends to the 
: 3 ae 
above thioethers and this implies that the S(~P) + organo 
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FIGURE IV-15: Plot of ES versus ionization potential for the S 


S d CH 5 t 
+ alkenes, CHSCH, an 9 (CHp )o systems. 
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that of the s (7p) = (CH) 4C=C (CH3), Keac tion 2 (=h.3 kcal mobes).. 
However, the overall room temperature rate constants are at 
least twice as fast, a consequence of the much higher A factors. 
The larger A factors for the case of thioethers may be as- 
cribed to the greater accessibility of the reaction site: a 
C=C bond has a van der Waals radius of 1.54A,whereas that for 


Sesultur catom is (Lees x. 


Negative activation energies, such as those observed for 
the s (7p) + CH3SCH, and Gn Ch. iss reactions, have been re- 
Ported for other systems (vide supra). A number of explan- 
ations for the observation of negative temperature depend- 
ences in bimolecular reactions have been proposed. In some 
cases, the observed negative E, has been ascribed to a near 
Zero actual E, combined with a temperature dependent A-factor 
in the Arrhenius Bot sieaerieee However such an explanation 
appears to be inadequate. Transition state theory does not 
predict a temperature dependence of the A factor much greater 
than apple unless some unrealistic assumptions concerning the 
structure of the transition state are made. Collision theory 


predicts a temperature dependence ofithe Dafactor fas shighgas 


THe Se if the reaction cross section is assumed to be energy 
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model of Strausz et eee has been proposed to explain the trend 


to negative E.'s in the s (3p) + alkene reactions. In the con- 


cext of this model, the s (3p) atom and CH,SCH,/CH, (CHA) 58 in- 
itially approach each other on a potential energy surface with 
a shallow minimum corresponding to a loose 7 complex which in- 
tersects the product disulfide surface (on the repulsive part 
of this curve) at a point below the level of the separate 


reactants, as illustrated below: 


S(3P) + CH,SCH, / 


es me ee eee a ia i = S 


CH,SSCH, 


A similar model has been proposed by Cvetanovic et al. to ex- 
plain the negative E, 5 observed for the reactions of 0 (7p) 
with some Aieene om aa 
Applying these models to the present system, the addition 
of s (7p) to CH,SCH,/CH, (CH,) 95 results in reversible formation 


3 
of a complex which may either dissociate back to .S(7P) “and 


CH,SCH,/CH, (CH,) 55 or evolve to the corresponding disulfide 
products as shown: + 
3 ein cee ky ye 
S('P) + CH,SCH,/CH, (CH5) 95 Fk, a S----- ivst [63] 
+ 
R k 
g.--..s( | _—_—_*++- Disulfide [64] 
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Assuming a steady state concentration of the complex, the 


rate expression for product formation noir 


Kok 
ol Cee Gel he a 
Rate = Sar A me i [S(°P)] [RSR] [65] 
i ELE 
Hence, 
| geet 
a mgt 
ae ae = c= © when Kit De Kot [ 66] 
Expressing Ke in the Arrhenius form: 
KA 
afi Man 1 rE m 7 


assuming no temperature dependence for the initial complex 


rOrmmatrvon “Ch = 0),EL, the activation energy observed, corres- 


ponds to, 


ee ~E [68] 


and will be negative provided Err Eri 


The room temperature rate constants and Arrhenius Para- 
—— 
meters of the s (7p) + CH,SCH, and CH, (CH,) 55 reactions are 


compared to those of other related systems in Table IV-19. 


For the CH,SCH, system, then tacktonRa ton s (7p) addition is 


3 hie dB Kes ro LS ees 
substantially larger than that for the O(°P) addition, f 


although both reactions exhibit negative E.'s and similar temp- 


erature dependences. The larger A-factor could be partly a 


consequence of the availability of the low-lying 3d orbitals 


OnacuUliur, whien ancreases the effective collision diameter 
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with respect to attack. In contrast to the s (3p) and 0 (?P) 


reactions, the H + CH3SCH, reaction proceeds at a much slower 


Pe5i,L935 


rate This is a result of the relatively high Ea 


reflecting the less electrophilic nature of H atoms. The OH 


3 


radical is somewhat less reactive than s (Pp) and O(eP)e (which 


is surprising in view of its higher reactivity with alkenes. 


On the “basis of the observed trend” in rate constants (Kon SH? 
5) 


Ka ae > Kay SCH ), it has been suggested that OH reacts 
2.5 3 3 
19 


with CH3SCH, via H abstraction. ; However, a negative E 


is inconsistent with an abstraction mechanism and OH probably 


reacts with the sulfur site. The lower reactivity as com- 


220% 


pared to 0(?P) and s (3p) is probably associated with thesnatune 


Oeecne bonding in the Exransition state. 
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CHAPTER V 
SUMMARY AND CONCLUSIONS 


il 
In the gas phase, S( Do) atoms react with 1,2-butadiene 


Seeleee 
to yield unsaturated addition products, thiiranes, bat eoires 3 tt 
. ss 


ay ae (3), and aew “Se, (4), and C-H insertion products, 
H H “ 
Sacet 
Seeaols, “Sa (2) “and HERO osc (5). Even at low 
H~ ~ H H a 


Conversion, the overall yields, relative to those of the S + 
alkene reactions, are low (70% versus 90$%). s (3p) atoms, as 
expected, afford only the addition products, in yields compar- 
able to those of the SeDe) reaction. 

The rates of formation of 1 and 4 decrease drastically 
with time, but increase with increasing pressure. Thiirane 3, 
which is formed at a much slower rate, also requires pressure 
stabilization, although no time dependence was observed. 
These observations suggest that photodecomposition is important 
for thiiranes 1 and 4, as is.,apparent,from thei mahigh suv 
absorption coefficients ( of the order of LOjek sn ences 
the region of photolysis). However, the pressure dependence 
of the thiirane rates indicates collisional stabilization of 
the hot adducts. One possible decomposition mechanism which is 


pressure dependent is isomerization of the hot thiirane adducts 
T28% oo 
eng 


to unstable thiones followed by CS elimination, 


+ + 


Za <= ie —> ciH, + cs [1] 


1 
Due to the low yields of thiols 2 and oy no definite trend 
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in their rate behaviour with respect to time and pressure 
could be discerned; however, because of the presence of un- 
Saturation, these compounds are expected to be quite unstable. 

Although no product indicating insertion into the C-H 
bond of the alkyl substituted vinylic carbon was observed, 
tiemtormation.of thiol 2 indicates that this process may 
have taken place, i.e. 2 1S postulated to be formed via an 
enethiol-thioketone-enethiol tautomerization of the initially 
formed enethiol: 

1 i i 

S ( D.) ot CH ,CH=C=CH.—® CH,C=C=CH, = CH, “ie 


a 
CHS= CH=CH. [2] 


2 


2 


~ 


In contrast to the COS-alkene systems, the combined 
thiirane yields in this system are very high, comprising 90% 
Srethe total /S products observed. This is probably due to the 
presence of two addition sites in 1,2-C, Her and may also be 
a consequence of lower stabilities of the insertion products 
Piethis system. 

The relative Arrhenius parameters obtained from competit- 
ive rate studies in the presence of 1-C, He yield the follow- 


3 ih 
ing rate expression for the S(~P) + 1,2-C,H, reaction: 


aE ea 
k = (4.3841.14) x 10+ exp[ (-14552255)/RT] M “s 


The A Factor is. somewhat larger (by a factor of V5) than 
those of similar S(°P) Heatkene systems.» This” can be abscrip— 


eqein part to the presence of two distinct reaction sites 
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in 1,2-C,H., the two orthogonal 7 bonds. However, the A factor 
is also higher than that associated with the isomeric GOnju— 
gated diene, 1,3-C,H., Dy a factor, Of almost, 2, 0 Phases 
probably due to a larger rotational contribution to the 
entropy of activation (AS*) as @ result ota gqoing trom a 


linear 1,2-C,He molecule (C,-C.-C, axis) to a bent transition 


A G2 3 


State as sShown,e.g.: 


Eel 


Despite its high A factor, the s(>p) + 1,2-C,H- reaction 
proceeds at a slower rate than the 15) ote 1,3-C,H, reaction. 
This is due to the higher E. associated with the former 
reaction, aS a consequence of the absence of delocalization 
of the telectrons, rendering the molecule less polarizable, 
@na the partial triple bond character conferred Dy hypercon— 


jugation between the co-planar C-H and 7 bonds of 1,2-C,H. 


as shown: 


H 
aa 
ety, <> C==C-——CH, , etc. [4] 
HC HC 


Interestingly, although the two 7 bonds of 1,2-butadiene 
are non-interacting, their reactions with s (7p) atoms proceed 
with similar E,(vl.s kcal Male = ye Consequently, the A factors 
for the 2,3 and 1,2-additions are simply proportional to the 


rate constants. From the corresponding product yields 
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(1 and 4) the rate constant ratio for s (3p) adarerom 1's, 


3 
P 
k /k apy are 
( tke D2 Ro 55 torr 


and accordingly, the Arrhenius expressions for the two 


adartions are: 


kebs= (1.41 20e88) x 10) exp [-(14554255) 7RT) Me see 


(2.9640.80) x 107 °exp[- (14554255) /RT] Mts 1 
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Surprisingly, these rate constants are within a factor of 2 


of those for the s (2p) + C,H, and C3He reactions “(6.00% 108 


7 = : ale aie 
aricnws 7 10° M = a respectively.). For S( D.) addition, 
the rate constant ratio for the two additions has been 


estimated to be: 


1 
D 
( 2,3 1, ie hs S60 torr 


The higher’ ratio observed for s (7p) addition andiucates that 
the s(>p) atom is more selective,as a consequence of its 


lower energy content. 


1,2-Addition leads to the formation of thiiranes 4 and 


3, the trans and cis isomers, respectively. The trans/cis 


~ 


5 , 
ratio observed for S(°P) 1s: 


(trans/cis) * 
t=0,P=1200 torr 
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which is surprisingly high. The lower Erans/cis product: ratio 


1 


estimated for S( Dd.) addition, 


1 


(txrans/cis ) u Qals Ay 
t=0,P=1200 torr 


reflects the higher reactivity and lower SE1CCEIV TCO. 


aD.) atoms. 


The gas phase reactions of SDE ae) atoms with dimethyl- 
sulfide and thietane have been examined at room and moderate- 
ly elevated temperatures. 

SHEDS) atoms react with dimethylsulfide yielding dimethyl- 
@icaitade as the only S addition product along with @ small 
amount of CoHe- At high conversions, CH, is observed as a 
Becondary. product. The overall product recovery susmiow 
(<30% in terms of S atoms consumed). The yields of CH,SSCH, 
and CoH, decrease with pressure up to 200 torr, above 
which they appear to be constant. Analysis of the cell 
residues. after high conversion runs indicates that the § 
product imbalance observed is due to the formation of poly- 
meric sulfur. In the presence of NO, CoHe and CH, are not 
observed and the yields of CH,SSCH, are suppressed approx- 
imately fivefold. 

Based on the observed products, the effects of total 
pressure and added NO, and the well documented high react- 
ivity of the S non-bonding 3p orbitals, it is proposed that 


the primary step is attack at the S site of the substrate 


leading to the formation of an unstable dimethylthiosul- 


foxide(DMTSO) adduct. 
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S(*D,) + CH.SCH Pe CH Sou, (s))" psy 


3 8 5 


Three pathways are open to the DMTEO (S yas 
fo) 


1) fragmentation via C-S bond scission to yield C,H 


Pama 4 
ag Dae tree Gen eo) [6a] 
ars 0 2°°6 EG a 
> CH35.,° CH" [6b] 
meroomerization to form the disulfide, 
GH nae (S p B. CoCH a(S toeter SSCH i 
Douay habaees =P ShaS 9) gre He [7] 
3) deactivation followed by desulfurization, 
n Ue BR 
CH3SCH, (S)) ~» cx, icx, (s,) 3 cher CH,SCH, 
it 
ts S5( he) [8] 


Isomerization is the major product-forming step ‘Rou, sscu,/ 


Ra no 9). Desulfurization regenerates the substrate with 
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the concomitant formation of elemental sulfur. Deactivation, 
the major process (deactivation/isomerization %v 3), is 
manifested by a decrease in product yields with an increase 


in pressure. 


s(>p) atoms also react with CH,SCH, to yield CH,SSCH,, 
CoH, and CH, but in drastically reduced yields. The primary 
step is attack at the S site, yielding tripletystate DMTSO, 


CH cH, (1,)- DMTSO (T, ) undergoes fragmentation reactions 


3 
Similar to those of DMTSO(S))" - Tt 1S proposed itiateche 

; a 
CH,SSCH, product arises) from isomerization of DMTSO(S_) 


formed by intersystem crossing from the T, state. The smaller 
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yields of CH3SSCH., and the greater importance of deactivation 
(deactivation/isomerization . 14), as compared to the s(*D,) 
+ CH3SCH, System, are attributed to the lower energy content 


of the DMTSO(S,)" formed from the Ty state, 


Sane atoms react with thietane, Sea ee. affording 
epcyCiic disulfidejal, 2-dithiolane,as the only retrievable 
S product. Comparable yields of CoH, were also observed. 
faisecontrast to, the Se + CH,SCH, reaction, the total 
product recovery is high (85%) and pressure independent, 
indicating that deactivation is relatively unimportant. 


By analogy with the s (tp + CH,SCH. system, the 


2) 30CH, 


primary adduct is postulated to be thietanethiosulfoxide 
(TTSO), (3-5 (59)" This adduct undergoes a similar 
series of reactions: 


1)) fragmentation viasC-S land C=C bond iscissions hto yield 


i 
CO s=5 (85) oe < os > CoH, aus CH5S. [9] 


2) fragmentation via two C-S bond scissions to yield Cc, 6? 


i 
< <5 (85)! ae 8-8 —> C,H, + S,( aoe [10] 


3) isomerization via C-S bond cleavage to form the disulfide, 
Os=s(s yt a <‘s-s —_> \ (So) M i fein 
u Om —>\_s 


4) deactivation followed by desulfurization, 


etc 2 


eat ew) oS. 30 tase wield er 


cre ey CL A pbtdagl zones ro 
we <adet she es brdudhee se Ale, sedeye. 


re img Beto? baa 


snesgaims @ate¢ tanst amMQIK Rul 


+ -ea, soneeedele-t .c obit iontf 9 


> > 

= 

SES ‘eo ehiv dy sidarisqend 7am 

) | 

$2 ne ei Fa ts ¢ ("2 ai? of. 3468 

esene Pna [atte), tea es yrevoDet Fae 

tig Niet > wetrcvitsasl és 82. 
Aig pais. @ -¥i i sane soda? paige 

See (ca ja ets dhe roo sertn: 


11544!) Ad uto?, Setolagwoy 22, 20ubRR 


25O0p2 eR) .mhhhbe wla P 'igaiant> 


-enostones to A 


-juivelor Brad Sed Gee @->-aeiY aotséaneo 


7 y, * ai . ai v 
ont? .a 2 <q = 4 ~_ “{o2) an >: a 
5 wh 


a. 
Les pisivee zio tae ise. ina g-5 oi niv mate cline ie) 
es sad 

ik ( B-).e + seme ee fer oo Oe 


abi’toni18! ots woe oe eae’ ‘bie a-> «tv sotentnemat 
(ta et. ea gun Pa es Cees 
i 


‘a onde Rewind Lot nosis 
uy 


Ya = 
Pies ei 
: - 
i 1 _ . _ 
| ss : : 7 ii 


Ly 


: 


J t 
D ee 


“- ‘yt iz 


2347 


Although step [10] could not be measured quantitatively, it 


appears that it is of minor importance. 


3 
S('P) atoms also react with Cs to yield 1,2-dithiolane 
and CoH, ,but thesyrelas of the latter are drastically reduced. 
Thesprimary adduct is postulated to be triplet state thietane- 


ehrosulfoxide (TTSO), Os-sit The recoveries of 1,2- 


S(T)). 
dithiolane for the Sah De and s(>p) reactions are comparable, 
44 and 36%, respectively, in sharp contrast to those of the 
S + CH3SCH. system, where the corresponding recoveries are 
Z2o-and 7%: 

The relative Arrhenius parameters obtained from compet- 


itive rate studies in the presence of C3H. yield the follow- 


ing rate expressions for the s (7p) + CH,SCH, and CH Wen). 


reactions. 
-1 = 
k 2) (3 Ussie21 jes 10 exp | (900237) Rrra ese 
CHA SCH 
3 3 
k an eo ae od ex 102 exp [ (8104220) /RT] mu ts7t 
eH (eH )5 


These correspond to room temperature rate constants, 


11-1 -1 
=e and 
‘CH,SCH, 1 4a soo MaGa es 


ical ees 


ken (CH.) o8 = 2. Oe 0 M 
H. (CH) 58 
which approach the collision frequencies. 
Both reactions proceed with negative activation energies, 


in agreement with those predicted pe imeys! “Aele= Ears ionization 


potential correlation established for the S('P) + alkene 


reactions. 
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The A factors for the two reactions are larger than 
those of the s (7p) + alkene systems by a factor of v4. This 
is a consequence of a larger collision cross section result- 


ing fromthe Larger van der Waal radius of the S site. 
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APPENDIX A-1 


Mass Spectral Data of the C,H-S Isomers 
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APPENDIX B 


Calculations of the Nuclear Overhauser Fffect (nOe) 


fOr Cis and trans Ethylidenethiirane. 


The nuclear Overhauser effect (nOe) is a change in the 
nuclear magnetic resonance (NMR) signal intensity of a 
nuclear spin when the NMR absorption signal of another spin 
is saturated by irradiation of the sample at the resonant 
frequency of the second spin. There will be no effect unless 
the two spins contribute to each other's magnetic relaxation. 
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Spins) Sanda. 

Canes the direct dipole - dipole relaxation between 
spins n and d. 

Ra = the direct relaxation rate for d. 
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equation [1] may be used to derive 


six equations relating 


the six possible nOe's, which can be rearranged to give: 
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For dipolar relaxation between two protons; i ‘andojy Pi5 =P Aare 
and 

Pay) On nee (214) * [11] 
where sae = proton=proton distance, 

oe = correlation time for the yi =-'j interaction. 


rs ip is indentical for all protons in the molecule, then 


a8 Q (1/rs5)° [12] 
Thus, if the geometry of the molecule is known, the relative 

o's may be calculated. The o's can then be used to predict the 
nOe's. 

Proton '-— proton) distances in cis and trans ‘ethylidene- 
thiirane were calculated using the structural parameters for 
methylenethiirane!7® and literature values for the parameters 
of the CH, group. For the methyl group, which is free to rotate, 
distances of closest approach were calculated. 


The interproton distances for the two isomers are tabulated 


below, along with the calculated relative p's, normalized to Poet 
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Using the calculated relative p's and equations) (2) <=) [Lo], 
the expected nOe's may be calculated for both isomers. 


BrOcOnus) Proton (s) 


Calculated nOe values 
nOe saturated observed 


cis trans 


f(b) CH CH, 0.004 0.0001 
£_ (ce) CH, CH, O2001 0.069 
f(a) CH, CH 0-019 0.006 
Fy (ec) CH, CH 0.481 0.488 
f(a) CH, CH, 0.0003 0.047 
f(b) CH CH, 0.023 0.024 


It should be emphasized that several assumptions have 
been made in the above calculations, and so the observed nOe's 
Mavyeairitfrer from the calculated ones.” Several factors may 
affect the observed noel29, 

a) Any relaxation caused by species outside the molecule will 
willl ancrease the total relaxation rate of each proton and so 


decrease the nOe's observed. 


b) The -CH., group of ethylidenethiirane may spin relativly 


3 
bast, resiiting an snorcer Le (correlation time) for inter- 
actions involving the methyl protons. 

c) The rapid spinning of the methyl group may also cause spin 


Totation relaxation of, the -CH, protons, decreasing hese s 


obsenved for these, procons. 
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APPENDIX C-1 


Estimation of the Ratios, Ly) 324) 5 at t=0,P=1200 torr and 

Ud met oa | | | are PE ae loka ah aerennT as 
Ps0ecOrr, .and trans (4) /cis (3) Patwt=0 P=1 20 0Ftor, eto. S("D,) 
a a ee ee eae 


Addition to 1,2-cC H 
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In the photolysis of the COS-1,2-C,H_ System, tChesprincrpal 


reactions are as follows: 


COS + hv —> co+s('d,,°P) [1] 
S(mD,)at Cos —p co + S, [2] 
s(7D,) +M —pm s(3p) +M [3] 
s (3p) + COS —> CO + S5 [4] 
S("D,,°p)+1,2-C,H® Products ess 
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pee oURcorr (Table: lil-3), the total S atoms (abe and 35) 


produced is: 
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Assume equal conversions at P = 1200 and 750 torr, i.e. 
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Since the Spe) to s (7p) watio, .1S9v 673 sr eneche 

primary Step. at P = 1200° tore, —thesprimanyeya elds ot S("D,) 


and s(?p) atoms are: 


0.67 x 4-25 = 2.85 umoles 
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In the present system, (kK, (3p)47,2-c 
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study (Table III-3), the reaction of s (7p) with COS is insig- 
nificant. Therefore, the amount of S(aoe atoms which reacted 
ween COS. is * 

CO7-- CO°7 2) =) Waloe umo Les 


se) Lt -follows thet 


For the s("D,) + COS reaction, k,/k, MD 
the amount of s(*D,) collisionally deactivated to s(>p) is: 
if [> vmoles/2 = 0L 575) umoles. 


Therefore, the total amount of s (3p) atoms which reacted with 


1,2-C,H, 1s: 


Ceo et. 1440 = 19975" umoles. 


(i) s(>p) products: Ul, and.4)) ,recovered@acee—oO. 
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Let (P) = amounts of s (7p) products recovered,and 


3 l 3 
(F) 2 (F) D gh = fractions Of s(>p) and eked 35) 


products recovered, respectively. 


then, , 
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eS lors ee 
t=0 t=0 [6] 
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Extrapolation of the zero time thiirane rates in Bigure) LT — 5 


Eo P=, 200 torr yields. 


lp 3p 
Rot (Ly) ee =-10. 290, pmole/tmole, CO 
1 3 
Die P ie J Z 
R as = 0.042 
1 3 
D ’ 1% = " " 
R (4) 9 Ona?) 
From Table III-3: 
3) AD 
este) =) O.UL4), and RR. (5) =A05015 umole/mmole cOsare 


time and pressure independent (Figs.III-14 and III-15). Thus, 


poe P 
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Expressing eqn. [8] in units of umole/min: 
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Since all S atoms produced react with -evther (COS Jon 1,2-C, 6! 


the rate of S atom reaction with 1,2-C,H¢ is: 


\ P= Re = OR [10] 
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Substitute {[11] into “[10) “te Obtain: 
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R (S + 1,2-C,H;) = 0.60 R §b2] 


CO 
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Substitute this value into [6] to obtain: 
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Substitute [14] and [18] into [16] to obtain: 
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Using similar procedures,the amounts of 3 and 4 may be determined 
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is calculated to be, 
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(ii) the time dependence of (F) a is pressure independent. 
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(aa) the ratio, (1/7 (3+4) ) A is pressure independent. 


Calculations similar to those laid out in Section A give, 
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APPENDIX C-2 


Estimation of the % Recovery of Disulfides and the Deactiva- 
EE ey OF Se Tages and the Deactiva— 


tion/Isomerization Ratio for s(*D,) and S(>p) Addition to 


SS 
CH,SCH, and CH. (CH,),5S 
(I) The s(tp 3p) + CH. OCH System 
ee) ee eae oe YOLEN. 
: FY sh it Peer 
A) Determination of F = Ba aneee! Wie. (Eateatoulor addition 
and abstraction for s("D,) atoms. 
When COS is photolyzed in the presence of CH3SCH,, the 


Only species reacting with COS is Sie): hence the measured 


CO yield: 
P i 
COp=stotaleSeatoms produced, (€0°/2) CH RoBett [1 
where Ree Ts the= CO” produced: by~absrraction (CO = CO-7 2 )e, 
Since the ratio of abstraction to deactivation for the Si) Tabs) + 
COs reaction is © 9 ee the amount of Si 23) atoms 


deactivated by COS is (CO -C0O°/2)/2. 


Assuming that.67 tofpthe S atoms produced in the prim— 


ae 
ary step are in the as Seem the amount of S( Do) atoms 
reacting with CH,SCH., Te given by: 
. ta S*atoms=produced = Ri - Rt 
Podd. > Bonin 2) : BP abst. deact. 


0467 x COI 2, — (CO =-CO2/2) N= (CO-C0 77 2)72 [2 


In order to effect the calculations, data from three 
mixtures having a constant COS/CH,SCH, ratio (10/1) are used. 
Thas fF an the pressure independent region (P>300 torr) should 


be the same for these mixtures. Using the data from the 30 
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minute photolysis of the mixture COS/CH,SCH. = 300/30 


(Table IV-2), F may be determined as follows: 


CO = 13.4 umole 


oe ° = 
CO BO x Rao SOvxs O67 71 


ols33 umoles 


2 x total S atoms produced 
Substitution of this value into equations [1] and [2] gives: 


A 3 Z a F 2: 
Sa a les CO COS/2-= 13.4 21%.:33/2 = 2.74 moles. 


Fee =VO0L67 x 2383/2 —-\ 2.14, — 2eiA/ean sO 4aaimc less 
There (F)t = Ri ee S530 3/24 ee il 
f aaa. abst. i . pattie aid 
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B) Recoveries of CH SSCH, from S("D,) and s (3p) atom reactions. 


5 


Assuming that the % recoveries of CH,SCH, from the s("D,) 


S 3 
and s(>p) reactions are pressure independent above 300 torr 


(E1gure IV-3 and Table 1V-3), these values can be ‘calculated 


as follows for the>three mixtures chosen: 


fp)rtonw the sO minute: photolysis of the COS/CH,SCH,/CO. = 


0 O70 13008 torr maxtfure;, 


CO=/ 8.94 mole and-cO- = 300 Rao = 30 x 0298 = 1724 


umoles. 
Sance: for CO,/COS Kolo aes Do) atoms are not completely 
co ee ; A 5 
quenched, the extent of participation of S( D5) atoms in 


abstraction and addition must be determined. Using eqn.[l1l], 


RI = CO e1COo 7 26= 8. 941— 10 24/2) = 0 eames 
abst. 


Using egqn.[3], 


1 — pi 08 = 0.24 x 1.108 = 0.266 umole. [4] 
Rodd. = Re aes age 
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3 if nt! 
Thus R = total S at ~ - 
anon atoms produced Reece Ridd. 
= (CO°/2 == 0124 — 0:266) = 8.20 umoles [5] 
il 
tt FP = recovery of CH,SSCH, from s(*D,) atom addition, and 
3 uw " iD 
Pp = Ww S ( 3 Pp ) w w ; 


: 1 E 
and assuming that P” and P~ are pressure independent above 
200 >toOrr : 


x Ah 3 3 
CH3SSCH. observed = Riaa.* P~ + R Xx P [6] 


Weing Table IV-3 and eqns. [4] and [5}, [67 becomes® 


ul 5) 


0.5960="0..263P + 8.20P ey 


(11) for the 30 minute photolysis of the mixtures COS/CH3SCH,= 


300/30 and COS/CH3SCH.,/CO, = 100/10/770. 
Using similar procedures as above and data from Table IV-1l 
and IV-3, two equations analogous to [7] can be written for 
€ach mixture, respectively: 


ic) Soe & wehss [8] 


0.667 = 0.576P: + 7.60P> [9] 


Solving equations [7] and [8] yields, 


DPS oa Sage = Nae 


and from equations [8] and [9], it follows that, 


pl Lengthy Sap e206 9 
Averaging these values gives, 
pt weiss Bap? 08067 


ul 3 
Hence the recoveries of CH,SSCH, from S( D.) and S(~P) atom 


additions at pressures above 300 torr are: 
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v_ 25% and v 7%, respectively. 


C) Recoveries of CoH, from s(*D,) and s (7p) atom reactions. 


Similarly, assuming that each DMTSO produces 1 molecule 


COL CoHes the recoveries of C.H. from s(tp and s(>p) additions 


oe 2) 


ere Caiculated to be 1.0% and 1.4%, respectavely, for the 


mixture COS/CH3SCH, = 300/30. 


t 59 9 (Sheed ba eghed BIW OKO) 
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D) Deactivation/isomerization ratio for (So 


The data from the COS/CH,SCH = 300/30 mixture (Table 


3 


Iv-l) are used for this calculation and it is assumed that all 


the CH,SSCH, observed comes from the isomerization of DMTSO. 


It was’ shown (see section A above) that: 


ai = 
Rage 3.04 umoles. 
A I F : 
Nea a =P uO. 010, the, tsemerazation 
Since *CH,SSCH, an one 


vecta as 3.04 x 0525 = 0.759 pmole, 
and the fragmentation yield is 


SL04ex 0.00 102050 smote. 


Hence the yield of deactivated DMTSO is 
a7 3004 — 0,759 = 0.0302 —-25 2551 moles. 


: : iL 
Therefore, (deactivation/isomerization)™ = ORV Air Asie hie Ser 


ana’ for s(>p) addition, similar procedures yield: 


; ; : 3 
(deactivation/isomerization)” %v 14. 
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i 3 
Mo) orhe S'( Do1 P) + H,(CH,),S System. 


Using the data from Table IV-12 and the procedures 
described above, three equations can be written for the 


three mixtures: Cas /CHaICH sy ys = 100/2.8, COS/CH, (Cc S/CO, 


Ho) 2 
=wioo/2.8/600; 1200. Since the 5S + Ens (CH) ic reaction is 


pressure independent, the product recoveries from s(tp and 


>) 


s (7p) precursors should also be pressure independent. 


3 


Thus, Let. P recovery of 1,2-dithiolane from Se addition, 


pt — uw il W " S (3p) Ww 


the three equations are: 


(mec ONE CO 0pua el eodes [11] 
em ep eh icrsiee oe leant [12] 
NE NOL Ee OI uneh eee owukoisy [13] 
SOI ne ail Anduel eladvece Phe) 0.459 P= 064° 
n il and(is ihedeecep = 00411 re eomeeD 
Averaging these two sets of values yields on = 0.435 and 


p> = 028560 Thus the. recoveries. of 1, 2-dithiolane rr om 


s(1D,) and S(°P) additions are: 
MAA t and w368, respectively. 
a Or 
Singtarivy, Let a = recovery of CoH, LGOmeS.« D.) adaucion; 
rt = " " " s(?p) " 


the three equations for CoH, recoveries are: 
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0.383 = 0.600Et + 1.01E° [14] 
O0064°= 0-145n- 0 191k” [15] 
Do LOWper OO 31a He? aes [16] 
Solving [14] and [15] gives FE! = 0.667, E> = -0.019 
As ce <— asecléarlyiunrealistic, these valuess of Et and 
EB? ere discarded. Hewever, solving [14] and®l6] gives: 
Bie 08566 0b oS40,023 


Thus the recoveries of CoH, from S("D5) and s(?p) additions are: 


~ 57% and Vv 4%, respectively. 


Assuming that all the 1,2-dithiolane observed comes from 


isomerization, and that CoH, comes from fragmentation of the 


TTSO, the deactivation/isomerization ratios are calculated 


to be(see Section D above): 


: ; At 
(deactivation/isomerization) % 


os 


; : ; 3 
(deactivation/isomerization) %v 1.7 


It should be emphasized that the above calculations may 
be subject to considerable uncertainty due to errors in 


measurement and S product instabilities, and hence the values 


obtained are approximations only. 
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APPENDIX D 


The Role of co, in the COS-CO, System. 
Se eee Ee Ae eee 


It has been observed that when COS is photolyzed in the 


presence of CO, thes rateof CO formation -( ) decreases 


Roo 


with increasing CO. pressure. The following steps can be 


postulated: 

* 

COS + hy eee COS [Ia] 

* 

Gi eee ee 7 (anes 35) mien 

cos” + co, —__#.'! cos. +? co, ay 
1 3 

S ( D.) - CO., S(~P) CO. [2] 

6 (pes cost = Fe c6hy sh, [3] 

cos 
s(?Pp) + s(°p) ++ s, + CO, [4] 


From this scheme, it is clear that there are two possible 


ways that CO, can decrease the CO yield. It can quench the 


2 
excited COS formed in the primary step ([1b]), thus decreas- 
ing the amount of’ S atoms formed*in step [la]. Alternatively, 


GO> scan act asa third body chaperon® form tne recombinariren 


2 


of s (7p) atoms as shown in step [4]. 


The relative importance of these two reactions (steps 
[lb] and [4]) can be determined by measuring the CO yield in 
the presence of CO, and a reactive alkene. The possible 
occurrence of step [4] does not affect the S atoms produced 
in the primary step, [la]. Thus, Vf at takeseplacey; sthena i 


the presence of sufficient quantities of (CH) ,C=CH, to 
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8 
the S(~P) atoms, Rao should’ drop to; exactly half 


obtained when pure COS is photolyzed. On the other 


if step [1b] is important, the Co y lela ishould’ drop= to 


The 


value when COS is photolyzed in the presence of CO,. 
CO yields 


(in umoles) obtained from 4 minute 


Bhocolyses) oF COS (100 torr), COS/CO., = 100/1300 and COS/CO,/ 


(CH) ,C=CH, = 100/1300/20 and 50 torr mixtures are shown 


below. The values in brackets represent the half yields of CO. 


Cos COS/CO, COS/CO,/ (CH) ,C=CH, 
2255 i( 28) 208 wl) P86) <, 
2e55 \G1 28) DAO. (1925) 1 ata 
2256 (1'028) 2eAG (1.23) vs ia 
Doe 0) Saori 25) regex)” 
Lap ey Deas (124) eee 
B49 (1 25) pase We 25) igor 
Fee REPLY) Dea 6,215) Tepes 
oh alee Dent. 21) me 
eon Ba yasy 2238) (lao) aa 
ede jae 2 anaes ge Se ek en ee 
= P(iso-C,H,) =O. cOL rs. 
2 P(iso-C,Hg) =A 5 OE Oi. 


It is apparent that 50 torr (CH,) .C=CH, are required 


2 
in order to completely scavenge the S('P) atoms. Although 


there is some scatter in the data, the CO yields from the 


COS/CO4/C Hg mixtures in general , are closer to the haleice 


values 


of the pure COS photolyses than: £0 those tromeche 
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COS/CO, experiments. Thus, it is concluded that the role of 
CO, in decreasing the CO yields from the photolysis of pure 
COs, is to act as a third body energy sink for the recombina-— 


ELON. OL s (7p) atoms. 
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APPENDIX E 


3 ; 
The Intermediacy of S(~P) Atoms in the Photolysis of Thiirane. 
ee One ey CaeaPhocolysi sof mihitrane., 


In preliminary studies, it was observed that photolysis 


of thiirane in its first long wavelength absorption bands (w= 


240 nm) led to the formation of CoH, (~90%) along with small 
3 3407 
amounts of Ho, CH, and C.H,- S. | Pe was detected in =ftlash 
photolysis experiments. Scavenging experiments with added 
a8 


alkenes showed that S( Do) atoms were not formed. The follow- 


ing steps for the photolysis were considered: 


S 
We (S))\- CH, 4 Hes) eH) [2a] 
are oe, [imp [2b] 

Va, eC, tS an) [3a 

4 (ay Jee S,(°E4) [3b] 

WV (59) 2\ / (SQ) [3c] 

Nets) 9 sep) See Sy (°2,) orn [4] 


NS) 

In the presence of alkenes however, the CoH, yields were 
suppressed and very small quantities of the thiirane analogue 
of the alkene, along with a terminal alkene corresponding to 
a C-H. + alkane adduct were detected. These observations can 


2.4 
be rationalized in terms of the following reactions, with 
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the example of l1-butene: 


Loy) + ~~ — Ve (Sy) + p~/ [5] 


—— > eaten <a + Ss [6] 


S ot f~/ —— We 07 bye) 
ei Diy eles ey 


5 /aae [9] 


S 
The secondary thiirane yields were several orders of magnitude 


less than the amount of CoH, suppressed and slowly increased 


wireh~increasing alkene pressure, “up*to =1000%terr?y Although 


kinetic and mechanistic arguments could be presented to the 


effect that the bulk of the secondary thiirane was formed in a 


sulfur atom transfer reaction, step [8), and not*from s (7p) 


precursors via step [3a], more direct evidence was required to 


prove conclusively that s (7p) atoms are not produced in the 


photolysis. 


The technigue of flash photolysis - vacuum UV absorption 


35) 


: 3 3 
Atom reactions, by Menatoring the, decay, om ene rom Po > Sy) 


spectroscopy has been used to study the kinetics of S( 


resonance line at 180.7 nm.?> Thus this technique allows the 


unambiguous detection of any s (3p) atoms present in the 
photolysis of thiirane. 
a3 


The flash apparatus has been described previously. ie 


consisted of quartz reaction cell (20 cm long and 2.0 cm I.D.) 
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with LiF and suprasil windows, positioned parallel’ to the 
limbs of a U shaped flash lamp inside a thermostated aluminum 
lined oven housing. An aperture at each end of the housing 
allowed passage of light from the flash spectroscopic lamp 

at one end, to the vacuum UV spectrograph at the other. The 
flash andspectroscopic lamps were operated at 13.5 and 9.5 
kV, respectively. 0.7 Torr thiirane was flash photolyzed in 
the presence of 200 torr co, diluent. Spectra were taken 


Msang ta Spectroscopic sijtewidth of 10 1. 


With a 2mm Vycor 791 filter around the cell body (A>230 
nm), the spectra showed no trace of the s (3p) absorption line. 
However, in the absence of the filter (A>180 nm), the s (7p) 


; =) 
resonance line was observed, indicating that S(~P) atoms are 


produced in the short wavelength photolysis of thiirane. 


Based on this observation and the results from conven- 
Eronal studies, it. ecanvbe concluded thatthe main, processain 
PHOLOLYSis) OF thiirane at long wavelength, (\72305nm)ees ain 
tersystem crossing of the initially formed (S,) state thiirane 
Boethe lowest excitedseriplet (T,) state followed by bi- 
molecular reactions with ground state molecules leading either 
to deactivation or to the formation of C,H, + S402). that 
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The absence of S(7P) atoms in the long wavelength photo- 
lysis may be ascribed to the endothermicity of step [3a] (AH 


S20 4kcal Mole mae Shorter wavelength (A>180 nm) photolysis 


mat eae 
confers an extra 40 kcal mole internal energy to the 


molecule, thus overcoming the energy requirement of reaction 
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Mechanistic details of the long wavelength photolysis 
of thiirane are given in the accompanying reprint which 


follows. 
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Detection and Properties of Triplet State Thiiranes 


E. M. Lown, K. S. Sidhu,' A. W. Jackson,” A. Jodhan, M. Green, and O. P. Strausz* 


Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada T6G 2G2 (Received: April 11, 1980; 


In Final Form: September 8, 1980) 


The major primary step in the long wavelength (\ > 240 nm) photolysis of thiirane is intersystem crossing to 
the lowest excited triplet (T,) state with a quantum yield of ~0.86. Triplet thiirane has a long radiative lifetime, 
is highly resistant to collisional deactivation, and is capable of undergoing reversible addition to alkenes and 
thereby inducing their geometrical isomerization. Inefficient irreversible addition also occurs. This provides 
a novel example of an excited triplet molecular sensitization not involving energy transfer. Thiirane T, has 
a cyclic structure which is retained in the alkene adduct and shows strong diradical character. 


Triplet state thiiranes have been postulated to be the 
primary adducts in the addition reactions of ground (?P) 
sulfur atoms to alkenes? on the basis of MO calculations‘ 
and by analogy with the O(?P) + alkene reactions.° The 
T, state of thiiranes has also been implicated in the low- 
temperature thermolysis of thiirane, methylthiirane, and 
dimethylthiirane.6 We now report evidence for the in- 
volvement of the same T, state in the direct and triplet- 
sensitized photolysis of thiirane as well, and to describe 
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the unusual chemistry of these excited thiirane molecules. 

Photolysis in the first long wavelength absorption band 
of thiirane (Amax ~ 260 nm)’ leads to the formation of C,H, 
(~90%) and small amounts of H,S, C,H., H,, and CHy. 
¢(C,H,) = 1.3 at ’\ > 240 nm and is independent of 
pressure up to 200 torr, but decreases with increasing 
wavelength of photolysis. In order to test for the inter- 
mediacy of sulfur atoms in the decomposition, we flash 
photolyzed 0.6 torr of thiirane in 200 torr of CO,. The 
atomic absorption line at 180.7 nm corresponding to the 
S(P.) — S(?S,) resonance absorption was visible when 
unfiltered (\ > 180 nm) radiation was used, but was not 
detected when the photolyzing radiation was limited to \ 
> 240 nm. This result corroborated the negative results 
obtained in chemical-scavenging experiments using an 
alkane or an alkene to intercept atomic sulfur. It is 
therefore concluded that sulfur atoms are not involved in 
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igure 1. Yields of C,H, and trans-2-C,H, as a function of cis-2- 
itene pressure from the \ > 240-nm photolysis of 100 torr of thiirane. 


1e A > 240-nm photolysis of thiirane. 

Added alkanes, e.g., 300 torr of propane to 11 torr of 
liirane, have no observable effect on the photolysis. 
dded alkenes, however, exert a suppressing effect on the 
ield of C,H, and when cis-2-butene is used, geometrical 
omerization takes place, and trans-butene forms in high 
ields (Figure 1). At 400 torr of cis-butene pressure the 
2H, yield decreases by more than half and for each C,H, 
roduced more than a hundred molecules of cis-butene are 
omerized, giving a quantum yield for trans-butene for- 
ation of ~50. Thus it is clear that isomerization does 
ot take place as a result of energy transfer, but via re- 
ersible addition of an intermediate. For this there are 
nly two candidates, excited triplet thiirane or the sulfur 
adicals S,-S,; however, when triplet thiirane is produced 
ithout sulfur radicals via the addition of S@P) atoms from 
ne photolysis of COS in the presence of CO, and cis- 
utene, isomerization of cis-butene still occurs with com- 
arable yields. Triplet state thiirane, generated by the 
riplet benzene or biacetyl sensitization of thiirane, also 
duces isomerization of cis-butene although the yields of 
rans-butene are smaller in the latter system. Therefore, 
ne agent responsible for isomerization in the direct pho- 
olysis must be triplet state thiirane. 

The major steps required for the interpretation of the 
mg wavelength photolysis of thiirane are as follows: 


C.H,S(So) + hv > C,H,S(S,) (1) 


C,H,S(S,) — C,H, H.8;H,,CH, ¢~ 014 @) 
C,H,S(S,) ~ C.HS(T,) ¢~ 0.86 (3) 
'H,S(T;) + CyH,S(Sy) > S, + 2CoH, ¢~ 0.65 (4) 
'H,S(T,) + CoH,S(Sy) > 2CsH,S(S.) ¢ ~ 0.21 (5) 


s(t) + ( — “re Sai[ Sita ar 
[Ssim) + ot (6) 


The effects of added alkenes were examined in detail 
or the cases of C3H,, 1-C,Hg, and 1-C;Hj. In general, the 
oH, yields decline slowly with increasing alkene pressure 
nd two additional products are formed in small yields: 
he thiirane analogue of the alkene, and a terminal alkene 
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Figure 2. Yields of C,H, (O), C4HgS (G1), and 1-C,H,, (A) as a function 
of 1-C,H, pressure from the \ > 240-nm photolysis of 12 torr of 
thiirane. 


corresponding to a C,H, + alkene adduct. The yields of 
these products are given in Figure 2 for the case of 1- 
butene. It thus appears that T, thiirane can also undergo 
a nonreversible addition, albeit inefficiently, with the al- 
kene: 


[An) + 27 — Vor ee. 
S S 
LO FG 


s+ AT (8) 


[4m - aa ghee hd. a 
CoHq + vin (9) 


Further evidence in support of the occurrence of steps 7-9 
comes from the isotopic distribution of products from the 
photolysis of CD,S in the presence of 1-C,Hg, giving C,H, 
S and partially deuterated 1-hexene. The fact that the 
thiirane yield is about twice that of the alkene indicates 
that the carbon and sulfur radical sites in C,H,S(T,) are 
equally reactive. 

It has been shown! that the addition of S(?P) atoms to 
olefins follows a stereoselective reaction path. Moreover, 
photolysis of trans- and cis-2,3-dimethylthiirane afforded 
~95% trans- and cis-butene, respectively. Therefore the 
T, state must be cyclic. Indeed, MO calculations‘ predict 
a ring distorted equilibrium conformation for the T, state 
with a bond strength of ~24 kcal/mol for the stretched 
C-S bond and a value of ~40 kcal/mol for the excitation 
energy of the 9(n,o*)T, state. From this we conclude that 
the ring distorted equilibrium conformation of thiirane (T,) 
is maintained in the alkene adduct, as indicated in eq 7 
and 9. This is also in line with the reversible nature 
of the addition, since if an open triplet diradical structure 
-CH,-CH,-S: were involved the addition would not be 
expected to be reversible at pressures of several hundred 
torr. 

Small quantities of NO were found to quench efficiently 
the isomerization of cis-butene. Ethylene formation from 
the photolysis of pure thiirane is also suppressed to a 
limiting yield of ¢ ~ 0.86 at a fourfold excess of NO, in 
agreement with the primary quantum yield of thiirane (T;) 
and suggesting the following overall reaction: 


CHT.) + No SX cH, + 80. + No 


The results presented here are of significance for two 
reasons. First, they shed light on the triplet state chem- 
istry of thiirane for which information is sparse, as is the 
case with three-membered ring compounds in general. 
Second, they represent a unique example of geometrical 
isomerization of an olefin induced by an electronically 
excited molecule, but without energy transfer. For this 
type of sensitization the sensitizer should have the fol- 
lowing properties: (a) a long radiative lifetime, (b) re- 
sistance against collisional deactivation, (c) an excitation 
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energy lower than the nonvertical triplet energy of the 
olefin, and (d) the ability to form a partial but not a full 
covalent bond with unsaturated carbon centers. At 
present, few molecules may be imagined which would fulfill 
these conditions. 
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